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Polymer powder bed fusion (PBF) additive manufacturing offers a number of 
advantages over conventional manufacturing techniques, particularly in the areas of 
reduced tooling costs and the added geometric complexity available to designers. However, 
existing methods require heat to be applied to the powder bed at each layer to fuse the 
powders and form parts. The layer-wise heating strategies used in current PBF processes 
contribute to a reduction in the mechanical performance of the parts and increase the time 
required to fabricate them.  
To address these issues, a volumetric heating strategy is implemented through a 
novel radio frequency additive manufacturing (RFAM) process. Radio frequency (RF) 
radiation is a heating mechanism that is capable of penetrating into materials to cause a 
simultaneous temperature rise throughout the material volume. Given the insulating nature 
of most polymers, electrically conductive dopants can be added to a polymer powder bed 
such that the effective composite properties are suitable for RF heating. By selectively 
patterning the dopant in the powder bed and applying RF radiation, heat generation can be 
contained to the RF-absorbing doped region with little effect to the surrounding powder 
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bed. With powder mixtures of nylon 12 as the polymer and graphite as the dopant, it is 
possible to fuse the host polymer using RF radiation as the sole energy source.  
One of the consequences of creating parts with this method is the complex 
interaction between the part geometry and the applied RF field that can cause non-uniform 
heating to develop within the part. Aided by computational design approaches, methods 
for improving the heating uniformity are proposed including a functional grading scheme 
to vary the dopant concentration throughout the powder bed. To validate the computational 
models and further develop the RFAM process, the design of a prototype machine capable 
of three dimensional dopant patterning is presented. The prototype system is used to create 
RFAM parts and evaluate the effectiveness of the different strategies aimed at improving 
the heating uniformity within the doped powder beds. As a result of this work, the 
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Chapter 1: Introduction 
 Additive manufacturing (AM) of thermoplastic polymers typically consists of 
depositing material or energy on a layer-by-layer basis. Parts are created by selectively 
melting and re-solidifying the polymer into the cross section of the desired geometry at 
each layer, and the process is repeated until the entire geometry has been defined. Although 
there are a variety of AM classifications, the most widely used methods for thermoplastic 
polymers are material extrusion and powder bed fusion (PBF). In material extrusion 
systems, the polymer often takes the form of a filament strand that is melted and forced 
through a nozzle. The molten polymer is patterned into the desired shape and must re-
solidify before subsequent layers can be deposited above it. PBF processes involve 
applying a thermal heat source to thin layers of polymer powder to selectively melt the 
regions of the powder bed corresponding to the part volume [1]. Powder bed fusion has an 
advantage over material extrusion because the powder beds in PBF processes are self-
supporting and do not require support structures when fabricating overhangs and complex 
internal channels.  
1.1 ISSUES ASSOCIATED WITH LAYER-WISE POLYMER POWDER BED FUSION (PBF) 
 The layer-wise heating strategies implemented in existing PBF methods negatively 
impact the mechanical performance of printed parts and the efficiency of fabricating them. 
Selective laser sintering (SLS) is a polymer PBF method that has gained widespread 
recognition for its ability to create geometrically complex parts without the need to 
incorporate support structures. SLS is a layer-based process that uses a carbon dioxide laser 
to fuse polymer powder together to form parts. The performance of laser sintered parts is 
limited by the ability to precisely control the thermal conditions within the machine. 




produced [2]. The cyclic heating and cooling of each layer can contribute to 
inhomogeneous shrinkage and the development of internal residual stresses [3] [4] [5]. 
Mercelis and Kruth provide two explanations for the mechanisms that contribute to residual 
stress in SLS parts. The first occurs as a result of the large thermal gradients that exist 
around the laser spot during scanning, and the second happens during the cool-down phase 
when the molten top layers experience a different rate of thermal contraction versus the 
bottom layers [6]. Thus, the primary sources for the shrinkage and curling of SLS parts 
arise from the concentrated energy from the laser and the layer-wise heating that prevents 
the parts from cooling uniformly. The thermal conditions of SLS can also contribute to a 
decrease in mechanical properties. The parts tend to behave as transversely isotropic in 
ultimate tensile stress and modulus. The strength is generally considered isotropic within 
the plane of the layers with a reduction of as much as 10-15% between layers [7] [8]. Scan 
strategy, layer scanning time, and cooling between layers have been shown to effect the 
anisotropy of SLS parts [9]. The presence of thermal gradients across the surface of the 
powder bed can also contribute to large variations in strength that depend on the location 
of the part within the build chamber [10].  
 Selective laser sintering is further limited by the processing time required to make 
parts. The primary factor contributing to decreased production rates is the time required for 
the machine to reach thermal equilibrium. Warm-up and cool-down stages can add four 
hours or more to the total build time [11]. There is a waiting period associated with heating 
newly deposited layers of powder before sintering that can account for up to 15% of the 
total build time, while as much as 25% of the total time is dedicated to scanning the cross 
section of each layer with the laser [12]. The mechanical property and processing speed 





1.2 THE NEED FOR VOLUMETRIC SINTERING 
 The heat sources in existing commercial PBF systems are classified based on the 
heating strategy used to fuse the part volume. The laser in SLS is a point-wise heating 
mechanism where the build area is segmented into a series of vectors that define the laser 
path, and fusion occurs at a single point in each time instance. Although the velocity of the 
laser across the powder surface can be as high as 5,000 mm/s in SLS systems, the scanning 
speed is a limiting factor in the overall processing time [13].  
 To improve the speed of polymer powder bed fusion, two processes that incorporate 
line-wise heating strategies were developed. Line-wise heating involves passing an 
infrared (IR) lamp across the powder bed, and selective fusion is achieved by depositing 
additives to distinguish the part region from the surrounding powder bed. In selective 
inhibition sintering (SIS), the part is differentiated from the powder bed by placing a 
sintering inhibitor such as potassium iodide or sodium hypochlorite in the regions of the 
powder bed where fusion is not desired [14]. The powder bed is then irradiated with an IR 
lamp to fuse the entire part surface at each layer. At the end of the build process, the solid 
part can be separated from the powder bed at the inhibitor interfaces where fusion was 
prevented during the IR exposure [15]. High speed sintering (HSS) is another PBF process 
with a line-wise heating strategy. HSS uses an inkjet print head to deposit an infrared-
absorbing material to define the part geometry for each layer in the powder bed. Similar to 
SIS, the surface of the powder bed is then irradiated with an IR lamp, and fusion occurs in 
the part region where the radiation is more readily absorbed [16]. The line-wise heating 
methods of SIS and HSS offer processing speed benefits over SLS, but each of the three 
processes are limited to fusing the part layers individually.  
 Volumetric powder bed fusion schemes are needed to eliminate the negative effects 




bed in a single stage. A three dimensional heating strategy could offer additional 
improvements to the processing speed and efficiency of polymer PBF compared with the 
point-wise and line-wise methods used in existing commercial systems. A volumetric AM 
system would also remove the re-solidification and cooling stages that cause internal 
residual stresses to develop at the layer interfaces in layer-wise heating strategies. Reducing 
the residual stresses would mitigate the adverse effects of warping and anisotropic 
mechanical properties associated with layer-wise heating. 
 Volumetric additive manufacturing approaches have been successfully applied to 
thermoset photopolymers using a tomographic reconstruction technique [17] [18]. In this 
method, cross-linking within a resin chamber is initiated by intersecting multiple 
projections of patterned light. The part is polymerized in a single stage without layers and 
is the first demonstration of a truly volumetric AM process. However, the materials are 
restricted to photosensitive thermoset polymers, and the process is incapable of producing 
parts in thermoplastic polymers. The focus of this dissertation is on the development of a 
novel volumetric AM process for thermoplastic polymers that delivers energy to the 
powder bed in the form of RF radiation to fuse the polymer in a single heating stage, 
thereby enabling more rapid fabrication of parts with potential improvements in 
mechanical properties. 
1.3 RESEARCH OBJECTIVES 
1.3.1 Proposed Radio Frequency Additive Manufacturing System 
 The proposed radio frequency additive manufacturing (RFAM) process leverages 
the insulating properties of thermoplastic powders, which make them relatively transparent 
to electromagnetic radiation. Insulating polymers can be made electrically conductive 
through the addition of dopants such as metal powder, carbon black, and graphite [19]. By 




exposing the powder bed to RF radiation, heat can be generated in the doped regions with 
little effect on the surrounding powder. The dopant is patterned according to the desired 
part geometry, and only regions of the powder bed that have received dopant generate 
sufficient heat to fuse the host polymer. Figure 1.1 details a schematic of the proposed 
RFAM process.  
 
Figure 1.1 RFAM conceptual design. The dopant is in each layer of the powder 
bed. Electrodes deliver the electromagnetic energy to the part to 
fuse the powders together. 
 Although the specific architecture of the machine may vary, the RFAM process 
consists of the following fundamental steps: 
1. Raise the powder stock piston to supply a specified volume of virgin 
powder, and lower the build chamber piston by one layer thickness. 
2. Spread the freshly supplied powder across the build surface using a 
roller or scraper to establish a thin layer of virgin powder that covers 
the build area. 
3. Selectively pattern the electrically conductive dopant to the powder 
bed according the cross section of the intended geometry. 
4. Repeat steps 1-3 until the part geometry has been defined in its 
entirety by the dopant, resulting in a powder bed consisting of a 




5. Subject the powder bed to RF radiation by activating electrodes on 
opposing faces of the build chamber. Expose the powder bed for a 
sufficient duration to ensure fusion of the doped region. 
6. Allow the powder bed to cool, and remove the fused part from the 
surrounding powder. 
 In most RF heating applications, the electrical properties are homogenous 
throughout the material and independent of the geometry [20] [21]. For RFAM, however, 
the geometry of the part and the distribution of electrical conductivity throughout the part 
are created simultaneously, and the process enables spatial tuning of electrical properties 
throughout the part. The proposed strategy differs from other PBF processes such as SLS, 
SIS, and HSS by replacing multi-stage, layer-wise energy delivery with a single-stage, 
volumetric source. By using a single heating and cooling cycle, RFAM will have the 
potential to improve both part properties and processing time relative to the other methods.  
1.3.2 Summary of Research Tasks 
 The development of the RFAM process is divided into four research tasks that are 
addressed in subsequent chapters of this dissertation. The four tasks are summarized in 
Table 1.1.  
Table 1.1 Summary of research tasks to be addressed in this work 
1 Establish the feasibility of RFAM through electrical property 
measurements and RF heating experiments 
2 Develop computational models to predict heating characteristics and 
improve heating uniformity 
3 Design a mechanism capable of patterning the dopant throughout the 
powder bed 
4 Assess RFAM capabilities, validate the computational models, and 
generate design rules 
 The feasibility of the RFAM process (Task 1) is demonstrated in Chapter 3 through 




polymer and dopant. It is shown that RF radiation can be used as the sole energy source to 
achieve fusion in the doped powders. Unintended geometric anomalies in the fused parts 
motivate the computational modelling efforts of Task 2. The focus of Chapter 4, then, is to 
develop computational models to predict temperature rise during RF heating as well as 
devise methods for improving the heating uniformity to mitigate the geometric anomalies. 
Several solutions for improving the heating characteristics for various geometries are 
proposed and evaluated using the computational models. 
 Task 3 is addressed in Chapter 5, where two methods for patterning the dopant 
within the powder bed are defined. The primary requirements for an RFAM system are 
specified, and the design of a prototype machine capable of depositing the dopant in fixed 
concentrations is illustrated. Chapter 6 is aimed at evaluating the capabilities and 
limitations the RFAM system as outlined in Task 4. The computational models developed 
in Task 2 are validated by fabricating parts in several geometries and implementing the 
techniques for improving heating uniformity. Lastly, design guidelines are distilled from 
the experimental results to identify geometric features and part characteristics that are well-
suited to the RFAM process. 
 The next chapter is dedicated to introducing the concept of RF heating and 
educating the reader on the principles that govern the heating characteristics of different 
materials. Previous applications of RF heating are presented, and candidate materials for 





Chapter 2: Radio Frequency Heating Background and Applications 
 Radio frequency (RF) radiation is considered as a volumetric energy source because 
it can penetrate into materials, and RF heating refers to the use of RF radiation to generate 
heat within a material. The degree of heating depends on several factors that will be 
explained in this chapter. The governing relationships for RF heating will be described as 
well as the historical applications of RF heating. Lastly, a connection will be made between 
previous conductive polymer research and RF heating for use in the radio frequency 
additive manufacturing process. 
2.1 RADIO FREQUENCY HEATING 
2.1.1 Fundamentals of Electromagnetic Heating 
 RF heating is achieved by transferring electromagnetic (EM) energy into materials. 
Losses within the materials generate heat in the presence of an EM field. The EM energy 
takes the form of propagating waves comprised of oscillating electric and magnetic fields. 
The relationship between the electric field (E), magnetic field (B), charge density (ρv), and 
current density (J) are described by Equations 2.1-2.4, also known as Maxwell’s equations. 
Maxwell’s equations provide the fundamental basis behind electromagnetic theory, and the 
governing relationships are useful in solving RF heating problems [22].  








Gauss’ Law ∇ ∙ 𝐃 =  𝜌𝑣 [2.3] 
 ∇ ∙ 𝐁 =  0 [2.4] 
 The energy dissipated in RF heating applications can be determined by applying 
the Poynting Power Theorem (Equation 2.5) and constitutive relationships (Equations 2.6-




radiation (ω), electrical conductivity (σ), permittivity (ε), and permeability (µ) of the 
material. 
 −∇ ∙ 𝐒 = 𝐉 ∙ 𝐄 + jω𝐃 ∙ 𝐄 + jω𝐁 ∙ 𝐇 [2.5] 
 𝐉 =  σ𝐄 [2.6] 
 𝐃 = ε𝐄 [2.7] 
 𝐁 =  μ𝐇 [2.8] 
 The electromagnetic spectrum is used to classify waves based on their frequency 
and corresponding wavelength, as depicted in Figure 2.1 [23]. The EM spectrum spans 
many orders of magnitude in frequency, with gamma rays comprising the highest 
frequency and RF waves making up the lowest. There is an inverse relationship between 
frequency and wavelength, so the lower frequency radio waves are also the longest. RF 
occupies the frequency range between 3 kHz and 300 MHz, and frequencies between 300 
MHz and 300 GHz are considered microwaves [24]. The Federal Communications 
Commission designates specific bands within the EM spectrum for use in Industrial, 
Scientific, and Medical (ISM) applications. According to the ISM allocations, the 
allowable frequencies for RF applications are 6.78 MHz, 13.56 MHz, 27.12 MHz, and 
40.68 MHz, while the frequencies designated for microwave applications are 915 MHz and 
2.45 GHz for microwave applications [25].  
 
Figure 2.1 The electromagnetic spectrum comparing the frequency and 




 RF heating differs from conduction-based heating methods such as ovens and lamps 
in that heating occurs simultaneously throughout the entire material volume. As a 
volumetric energy source, RF heating can be an effective method in materials with poor 
thermal conductivity, high density, or high specific heat [26]. RF heating can offer greater 
energy-efficiency and require less time than conduction-based heating processes [24] [27]. 
RF radiation also provides greater control than other methods because the heat source can 
be switched on and off instantaneously [24]. 
 RF and microwave heating are also known as dielectric heating. Dielectrics are 
insulating materials that can both store and dissipate electrical energy [28]. The degree to 
which dielectrics heat depends on several factors. The Poynting Power Theorem can be 
used to derive the relationship shown in Equation 2.9, where the power dissipation per unit 
volume depends on the frequency of radiation (ω), the permittivity of free space (ε0 = 
8.85x10-12 F/m), the effective loss factor of the material (ε"eff), and the developed electric 
field within the material (Erms) [29].  
 𝑃 = 𝜔 𝑒𝑓𝑓
"
0𝐸𝑟𝑚𝑠
2  [2.9] 
 The loss factor is part of an intrinsic material property called permittivity, which 
describes how energy is stored and dissipated in the presence of an electric field. 
Permittivity is a complex quantity (Equation 2.10) where the real part (ε') is a measure of 
storage capacity, and the imaginary part (ε") relates to energy loss.  
 ∗ = ′ − 𝑗 𝑒𝑓𝑓
"  [2.10] 
 Permittivity reflects the extent to which the molecules within a material polarize in 
an electric field. For a lossless medium, the permittivity consists only of the real 
component, and energy is stored as the molecules realign from their equilibrium position 
to oppose the electric field. Real dielectrics have a complex permittivity to account for 




polarization effects of bound charges and ohmic conduction of free charges. Together, the 
two mechanisms comprise the effective loss factor of the material: 
 𝑒𝑓𝑓




 The first term in Equation 2.11 (ε") accounts for losses associated with the 
polarization of bound charges in a time-varying electric field and depends on the radiation 
frequency. As the frequency increases, the rotation of dipoles in the material begin to lag 
the electric field, resulting in loss. The specific mechanisms of polarization losses are often 
difficult to distinguish but can be in the form of dipolar, electronic, atomic, and interfacial 
losses within the material at a specific frequency [24] [29] [30]. The second term in 
Equation 2.7 corresponds to losses incurred as a result of ohmic conduction of free charges. 
Ohmic conduction depends on the electrical conductivity (σ) of the material which is a 
measure of the density of free charges as well as their mobility [22]. The movement of free 
charges in the presence of an electric field causes a current flow which in turn gives rise to 
losses and heating.   
 Considering electrical conductivity is defined as a material’s ability to allow current 
flow, it may not be intuitive that conductivity contributes to loss. Electrical conductivity 
and loss can be explained through elementary circuit theory and extended to the case of 
electromagnetic fields. Electrical conductivity is inversely proportional to resistance, so it 
will be shown that decreasing the resistance (increasing the electrical conductivity) in a 
simple circuit leads to greater power dissipation. Ohm’s law states that voltage is the 
product of current and resistance (Equation 2.12), and the power dissipated across a resistor 
is given by Equation 2.13 [22]. In the first case (I2R), power dissipation rises linearly with 
resistance, but with the square of current. By definition, electrical resistance is the 




current and thus power dissipation. The relationship is clearer in the second case (V2/R) 
where power is inversely proportional to the resistance. 
 Equation 2.13 shows that decreasing the resistance leads to greater power 
dissipation. The effect is limited in real circuits, however, where reducing the resistance 
causes a reduction in the voltage drop across the resistor. Figure 2.2 shows a simple circuit 
consisting of a voltage source (VS), source resistance (RS), and load resistance (RL).   
 
Figure 2.2 Circuit representation of a source and load. The source includes a 
voltage (VS) as well as a resistance (RS). Power dissipation across 
the load (RL) is determined by the voltage drop across it (VL).  
 From elementary circuit theory, the source voltage is divided between the source 
resistor and load resistor. If the load resistance were reduced to zero, there would be no 
voltage drop across the load resistor (VL) and no power dissipation. In general, the 
maximum power transfer to the load occurs when the load resistance matches the source 
resistance. The relationship between voltage drop and power across the load resistor as a 
function of load resistance is given in Figure 2.3, showing maximum power transfer when 
the ratio between the load and source resistors is equal to one. 
 𝑉 =  𝐼𝑅 [2.12] 








Figure 2.3 Normalized voltage across the load compared to the source voltage 
(VL/VS) and normalized power dissipated across the load compared 
to its maximum (PL/Pmax). 
 The circuit analogy can be extended to electromagnetic fields. In the circuit 
example, decreasing the resistance led to an increase in power dissipation but was limited 
by the voltage drop across the resistor in a real circuit. Considering the point form of Ohm’s 
law for electromagnetic fields in Equation 2.6, higher electrical conductivity gives rise to 
higher current density (J), measured in amps per square meter [22].  
 For a given electric field strength within a material, the power dissipated increases 
with increasing conductivity in the same way that power in the circuit increases with 
decreasing resistance. Therefore, electrical conductivity can be considered as part of a 
material’s loss factor, but increasing the electrical conductivity does not improve heating 
ad infinitum. Just as decreasing the resistance of the load led to a reduction in the voltage 
drop in the circuit analogy, an increase in the electrical conductivity leads to smaller 
internal electric fields. In real systems, the properties of the load must be matched to the 
properties of the source, and heat generation is governed by the tradeoff between increasing 
the electrical conductivity and the corresponding reduction in the electrical field strength 




 In practice, radio frequency heating equipment consists of a generator and an 
applicator. The generator is used to supply the time-varying voltage, and the applicator 
directs the EM energy to the material. The applicator for electric field heating at RF 
frequencies generally consists of two parallel plate electrodes. Maxwell’s equations show 
that a time-varying electric field induces a magnetic field. However, when the radiation 
wavelength is much larger than the dimensions of the applicator, the system is considered 
quasistatic, and the magnetic field contributions to heating can be ignored [31] [32]. Lossy 
dielectrics are heated by placing them between the applicator plates where the electric field 
is concentrated.  
2.1.2 Impact of Radiation Frequency 
 In designing a system to volumetrically fuse doped polymer samples, the frequency 
of radiation is a critical consideration. As an electromagnetic wave encounters a material, 
the energy of the wave diminishes as it is lost in the form of heat to the material. In 
dielectric heating applications, it is useful to consider the penetration depth of the radiation. 
Penetration depth is defined as the distance from the surface of a material at which the 
power of the wave is diminished to 1/e (37%) of its original value. The penetration depth 
(δp) for lossy materials is given by Equation 2.14 [29]. The penetration depth is inversely 
dependent on the frequency of radiation (ω), the permeability of free space (µ0=1.26x10
-6 








Using Equation 2.11, it can be shown that RF radiation at 27.12 MHz penetrates 
nearly ten times deeper than microwaves at 2.54 GHz. As the frequency is further increased 
into the infrared range, the penetration drops even further. Infrared is often considered to 




so small [33]. The goal of this work is to produce centimeter-scale parts, so RF is the 
preferred frequency due to the greater penetration depth into the samples. 
 The increased wavelength of RF radiation over microwave offers additional 
benefits in the design of the applicator. Using the principles of transmission line theory, 
Figure 2.4 shows a transmission line formed by two parallel plate electrodes with the 
electromagnetic wave propagating between them. As the incident wave encounters the end 
of the electrodes, the open circuit condition causes the wave to be reflected and propagate 
in the opposite direction. The superposition of the forward and backward propagating 
waves creates a standing wave in the electric field between the electrodes. At each half 
wavelength, nodes occur as a result of the standing wave effect, and the electric field is 
zero for all time instances [34]. The standing wave effect causes a non-uniform electric 
field within the applicator, and no heating occurs at the nodal sites where the electric field 
vanishes. 
 
Figure 2.4 Standing wave formed by the superposition of a forward 
propagating electric field (green) and a backward propagating 
reflected electric field (blue). The standing wave creates nodal 
locations (circled in red) where the electric field remains at zero for 




 The size of the applicator (electrodes) relative to the radiation wavelength is known 
as the electrical size. Greater electric field uniformity can be achieved by using an 
electrically small applicator having dimensions that are one eighth of the wavelength or 
smaller. The wavelength of a 27.12 MHz RF wave is 11.06 m. To be classified as 
electrically small, the electrode dimensions must not exceed 1.38 m. On the other hand, 
microwaves at 2.54 GHz have a wavelength of 0.12 m and the applicator must be smaller 
than 1.5 cm to be considered electrically small. Household microwave ovens are 
electrically large multimode cavities, and highly variable electric fields are generated 
within them [35]. Although the heating uniformity can depend on the geometry of the load, 
standing waves within the microwave cavities can contribute to local hot and cold zones, 
and turntables are often implemented to improve heating uniformity by rotating the food 
through each of the zones. RF radiation offers the potential to heat larger parts with greater 
uniformity in the applied electric field than microwaves because of the longer wavelength 
of RF radiation. From the perspective of penetration depth and the formation of standing 
waves within the applicator, RF radiation is preferred over microwave radiation for the 
RFAM process.  
2.2 RF HEATING APPLICATIONS 
2.2.1 History of RF Heating  
 The use of high frequency radiation in heating applications began in the late 19th 
century with independent experiments conducted by Jacques-Arsène d’Arsonval and 
Nicola Tesla that explored the effects of rapidly alternating electrical currents [36]. In 1893, 
d’Arsonval discovered that electric shocks supplied at frequencies above 5 kHz no longer 
produced muscle contraction and large electric currents could pass through the body 
without being felt [37]. Experiments by Nagelschmidt in 1907 demonstrated the medical 




deep into tissues, and the process was given the name “diathermy” [38]. In 1908, high 
frequency radiation was used to treat rheumatism and rheumatic arthritis [36]. 
 Diathermy grew in popularity in the United States after World War I from an 
increased demand for physical therapy. Research continued through the 1920’s, where the 
attention shifted to higher frequency (and thus shorter wavelengths) of electromagnetic 
energy. With the introduction of wavelengths below 30 m, the field of diathermy was 
branched into two categories: long-wave diathermy for frequencies below 1 MHz and 
short-wave diathermy for frequencies between 10 and 100 MHz. Long-wave diathermy 
required the electrodes to be in direct contact with the tissue for heating to occur, while 
short-wave diathermy enabled contactless heating and was generally more convenient and 
safer [39]. It was for this reason that short-wave diathermy emerged as the preferred 
electrotherapy method. Depending on the application, different electrode configurations 
such as parallel plate and drum applicators could be used to target different tissues [40].  
 In addition to its use in the medical industry, RF heating began to gain traction in 
the food industry during and after World War II. The development of radio communication 
systems during the war led to an interest in measuring the dielectric properties of various 
materials [41]. By the mid 1940’s, RF was being considered for defrosting frozen foods 
[42], blanching vegetables [43], and rapid food cooking [44] [45]. The initial draw to RF 
was that food could be treated in its packaging to reduce handling contamination [46] [47]. 
With the commercial success of the microwave oven, RF heating in food processing 
declined during the latter half of the 20th century [41]. However, new applications for RF 
have been studied in recent years. In the food industry, RF has been used extensively to 
disinfect nuts [48] [49] [50] and grains [51] [52] [53] against insects and has also achieved 
success as a pasteurization method [54] [55]. RF heating has been shown to be effective as 




nuts [58] and wood [59]. Numerous industries have benefitted from the utility of RF 
heating, and new applications of the technology continue to emerge. 
2.2.2 Potential Challenges 
 Temperature prediction and heating uniformity are the greatest potential challenges 
when considering RF radiation in the application of a volumetric additive manufacturing 
process. Analytical solutions to RF heating problems are often too complex to calculate 
and require numerical approaches and finite element analyses to solve [31]. Though RF 
radiation offers greater heating uniformity than microwaves, non-uniform heating can still 
occur. Uneven heating can arise from the physical properties of the material such as the 
geometric, electrical, and thermal attributes as well as the properties of the RF system 
including the electrode spacing and engineering design of the apparatus [60]. Non-uniform 
heating for RF applications has been studied extensively through simulation and 
experimentation, and several attempts have been made to improve the uniformity by 
rotating the sample [61] [62], rounding corners [63], pulsing the energy input [64], and 
artificially thickening the cold regions [65]. Most of the research in this area has been 
applied to foods or products with predefined material properties, and the effect of locally 
tuning dielectric properties has received little attention [66]. 
2.3 ELECTRICALLY CONDUCTIVE POLYMER COMPOSITES 
2.3.1 Applications of Electrically Conductive Polymer Composites  
 Radio frequency additive manufacturing relies on mixing an electrical insulator 
with a conductor to achieve the necessary electrical properties suitable for RF heating. 
Most polymers are intrinsically non-conductive and resist the flow of electrical energy. 
Insulating polymers can be made electrically conductive through the addition of dopants 




research has been instrumental in the creation of antistatic components [68], wearable 
electronics [69] [70], and RFID tags [71].  
 The use of conductive composites in dielectric heating applications is limited, but 
vulcanizing rubber using microwaves achieved commercial success in the 1960’s. 
Extruded rubber was treated with microwaves in a continuous industrial process to improve 
the efficiency of the vulcanization process [72]. Though polar forms of rubber could be 
treated without additives, the addition of carbon black enabled non-polar rubber to heat in 
the microwaves as well as enhanced the tensile strength. The improved microwave 
coupling and tensile strength resulting from the addition of carbon black led to the 
industrial success of the process [73]. The use of additives in composites to improve 
microwave heating has also been demonstrated by reducing the curing time of carbon black 
doped silicones [74]. RFAM seeks to extend the principles of dielectric heating of doped 
composites to achieve volumetric fusion of the host matrix. 
2.3.2 Percolation Limit in Electrically Conductive Composites 
 Electrically conductive composites exhibit a well-known and well-documented 
behavior known as percolation. Percolation occurs when conduction pathways form in 
composites containing electrically conductive additives. When the volume concentration 
of the additive is low, electron transfer is prohibited by the insulating matrix material. 
Although the particles themselves are conductive, physical separation prevents the flow of 
electric current. As the volume fraction is increased, physical contact between particles 
causes the formation of conductive networks, and a sharp rise in the electrical conductivity 
of the composite is observed [75]. The volume fraction at which the composite transitions 
from an insulator to a conductor is known as the percolation limit or threshold. The 
percolation threshold of polymer composites can be affected by the properties of the dopant 




dopant filler can influence the percolation limit [76]. It has also been shown that the 
polarity, viscosity, and crystallinity of the polymer matrix have an effect on the volume 
fraction of filler necessary to achieve percolation [20] [77]. Percolation is an important 
parameter in the design of conductive composites because it represents the minimum 
dopant concentration necessary to achieve electrical conduction. 
 The percolation threshold for polymer and carbon black composites can vary 
between 3 and 20% carbon black by weight depending on how the mixtures were processed 
[19] [78]. Large volume fractions of filler can lead to reductions in the mechanical 
properties of the composite and increase the cost. Efforts to reduce the percolation 
threshold in composites has been widely studied in the literature. Hybrid dopants of carbon 
black and multi-walled carbon nanotubes have been shown to reduce the percolation 
threshold and improve mechanical properties [79] [80]. Carbon black and graphite fillers 
have also been studied, but the addition of the graphite had a negative effect on the flexural 
strength of the composite [81]. Chemical matching of the polymer matrix to lower the 
percolation threshold has also been demonstrated [82].  
2.3.3 Candidate Materials for RFAM 
 The goal of this work is to present a new application of conductive polymers to RF 
heating. The materials used for the polymer matrix and conductive dopant are of critical 
importance, as their properties determine the degree of RF heating in the composite. Two 
candidate materials have been identified for the RFAM process. Graphite is used for the 
dopant, and the polymer is polyamide (nylon) 12. 
 Graphite is known to be a good conductor of electricity, and its electrical properties 
can be explained by its atomic structure. Graphite is an arrangement of tightly bonded 







Figure 2.5 Graphite structure adapted from [83]. Graphite is made up of 
carbon sheets and held together through weak Van der Waals 
forces. 
 The carbon atoms in graphite have a hybridized sp2 orbital structure in which each 
carbon atom is bonded to three other carbon atoms through strong sigma bonds leaving a 
single delocalized valence electron [84]. The orbital of the delocalized electron is oriented 
perpendicular to the layer plane, and bonding between layers is achieved through weak 
Van der Waals forces [83]. The layered structure of graphite accounts for anisotropic 
electrical properties. Electron movement is relatively unimpeded in the plane of the layers, 
but movement across layers is almost entirely restricted. The high conductivity along layer 
planes results from overlapping valence and conduction bands. For this reason, graphite is 
considered a semimetal although it contains no metallic elements [85]. The electrical 
conductivity of graphite powder depends on the particle morphology and the direction of 
measurement, but typical values are in the range of 10,000 to 50,000 S/m [86]. In addition 
to its electrical properties, graphite is inexpensive and safe to handle, making it a good 
candidate for the doping material in RFAM. 
 In contrast, polyamide 12 (PA 12 or nylon 12) is an insulating polymer that is 
suitable for the matrix in RFAM. Nylon 12 is a semicrystalline thermoplastic polymer that 




[87]. Compared to other polyamides, nylon 12 is notable for its low moisture absorption, 
low melting point, and resistance to stress cracking. Like most polymers, nylon 12 is a 
good electrical insulator due to the large energy gap between the valence and conduction 
bands. Nylon 12 has an electrical conductivity of 10-13 S/m and dielectric loss factor in the 
range of 0.03-0.09, making it nearly transparent to electromagnetic energy [88] [89] [90]. 
In the context of radio frequency additive manufacturing, electromagnetic transparency of 
the polymer is necessary to concentrate heat generation on the doped regions without 
heating the surrounding powder bed. The thermal insulating characteristics of nylon 12 
also serve to confine the heating within the powder bed and limit unintended thermal 
conduction. 
 
Figure 2.6 Chemical structure for nylon 12 adapted from [87]. Each vertex 
represents individual CHz groups. 
 The widespread use and availability of nylon 12 powder provides further support 
for its application in RFAM. Nylon has a long history in additive manufacturing and is 
commonly used in the selective laser sintering (SLS) process [91]. As a result, the sintering 
properties of nylon 12 powders are well-established, and the powders are readily available 
from a number of suppliers [92] [93] [94]. RFAM relies on the introduction of an 
electrically conductive dopant to an insulating polymer such that sufficient heating is 
achieved to locally fuse the polymer. The vast difference in electrical properties between 
graphite and nylon 12 make them suitable candidate materials for RFAM in which the 





 In this chapter, the relationships that govern RF heating were discussed, and the 
historical background and use of RF heating was presented. Towards the development of 
a radio frequency additive manufacturing process, the properties of electrically conductive 
polymer composites were explored through previous studies in literature. Microwave and 
RF radiation have been used in the treatment of doped rubbers and silicones, but the use of 
RF radiation as the sole energy source to melt the polymers has not been demonstrated. In 
additive manufacturing, the selective heating of doped powder beds has been shown in the 
high speed sintering process, but volumetric heating through deeply penetrating RF 
radiation has not been demonstrated. In the next chapter, the electrical properties of nylon 
12 and graphite powder mixtures are measured, and RF heating experiments are conducted 




Chapter 3: Electrical Property Measurement and Radio Frequency 
Heating of Graphite-Doped Polyamide (Nylon) 12 
 The previous chapter introduced RF heating and explained the various factors that 
contribute to power loss when materials are subjected to electromagnetic radiation. The 
electrical properties of the material have a significant effect on the degree of heating that 
can be achieved in RF heating applications. In the case of radio frequency additive 
manufacturing, the polymer must be heated beyond its melting temperature. This chapter 
focuses on electrical property measurements of nylon 12 and graphite mixtures, and an 
RFAM proof-of-concept demonstration is shown by selectively fusing the doped powders.  
3.1 PERMITTIVITY MEASUREMENTS OF GRAPHITE-DOPED NYLON 12 POWDERS 
3.1.1 Graphite-Doped Nylon 12 Composites 
 The electrical properties of insulating polymers can be enhanced through the 
addition of conductive dopants. Nylon 12 and graphite were identified as potential 
candidate materials for the polymer and dopant, respectively, based on the large difference 
in their electrical properties. This chapter focuses on the dielectric property measurement 
and RF heating of nylon 12 and graphite mixtures to determine the critical graphite content 
necessary to achieve fusion of the polymer. The feasibility of the radio frequency additive 
manufacturing process is established through successful fusion of the polymer using RF 
radiation as the sole energy source.  
 The nylon 12 and graphite were available as dry powders. The supplier of the nylon 
powder was Arkema, and the mean particle diameter was 42 µm [95]. The graphite powder 
was supplied by Loud Wolf, and the mean particle size was 44 µm with 99.9% purity. To 
determine the ideal nylon/graphite composition, mixtures of varying graphite contents 




weight, and the samples were hand mixed in a rigid container to evenly distribute the 
graphite.   
3.1.2 Impedance Spectroscopy to Measure Dielectric Properties 
 Impedance spectroscopy was used to measure the electrical properties of the 
composite powder mixtures. In RF heating applications, the degree of heat generation is 
governed by the complex permittivity of the material which can be evaluated according to 
the material’s impedance. The complex relative permittivity is comprised of two parts and 
is a function of frequency, ω (rad/s), and the permittivity of free space, ε0 (F/m). The real 
part is called the relative permittivity (ε'r) and is a measure of the material’s ability to 
polarize in an electric field to store charge. The effective electrical conductivity (σeff) 
includes the imaginary component (εr") and is a measure of the electric field losses in the 
material.  
 = ′𝑟 0 − 𝑗
𝜎𝑒𝑓𝑓
𝜔




At RF frequencies, the conductivity losses, σ (translational motion of free charge), 
dominate the dielectric relaxation losses, εr" (rotational and vibrational motion of bound 
charge). The impedance measurements were conducted using an HP 4194A Impedance 
Analyzer with frequency sweep capabilities. The mixtures were placed in a coaxial 
chamber and the impedance of the chamber and sample were measured using a frequency 
sweep from 40 kHz to 40 MHz. Figure 3.1 provides a schematic of the coaxial fixture with 
critical dimensions labeled. To avoid fringing field effects at the upper surface of the 
central electrode, the sample was partially filled only to a depth, h, in the chamber. Partially 
filling the chamber ensured a tangential E-field boundary condition at the surface of the 





Figure 3.1 Diagram of the coaxial chamber used for impedance measurement. 
The diameter of the inner electrode (a) was 1.59 cm, and the 
diameter of the outer electrode (b) was 7.94 cm. The powder was 
held in place by a Teflon block that separated the two electrodes. 
Copper strips soldered to the electrodes provided connection to the 
input terminals of the impedance analyzer. 
 The impedance analyzer measured the total complex impedance, Zmeas, of the 
fixture and sample at each frequency:  
 𝑍𝑚𝑒𝑎𝑠 = 𝑅𝑚𝑒𝑎𝑠 + 𝑗𝑋𝑚𝑒𝑎𝑠 [3.2] 
where Rmeas and Xmeas are the measured resistance and reactance, respectively, and 
reactance is a function of angular frequency, ω, inductance, L, and capacitance, C: 
 𝑋𝐿 = 𝜔𝐿 [3.3] 




To determine the properties of the sample alone, the parasitic resistance (Rfix), inductance 
(Lfix), and capacitance (Cfix) from the fixture were removed in addition to the capacitance 
of the air displaced by the sample within the coaxial chamber (Cair). Figure 3.2 shows an 
equivalent circuit of the fixture in which Cmat and Rmat are the capacitance and resistance of 




characteristic resistance, inductance, and capacitance of the coaxial fixture were measured 
to be 3.06 Ω, 119 nH, and 5.22 pF, respectively. 
 
Figure 3.2 Circuit diagram for the impedance measurements. The parasitic R, 
L, and C components of the fixture must be removed from the 
measured impedance to determine the complex capacitance of the 
material. 
 The series fixture resistance and inductance were removed according to Equation 
5, and the remaining quantity represents the impedance of the material and air within the 
chamber. The materials do not contribute to inductive measurements owing to the absence 
of a physical mechanism for storing magnetic field energy. 
 𝑍𝑚𝑎𝑡+𝑎𝑖𝑟 = (𝑅𝑚𝑒𝑎𝑠 − 𝑅𝑓𝑖𝑥) + 𝑗(𝑋𝑚𝑒𝑎𝑠 − 𝜔𝐿𝑓𝑖𝑥) = 𝑅𝑚𝑎𝑡+𝑎𝑖𝑟 + 𝑗𝑋𝑚𝑎𝑡+𝑎𝑖𝑟 [3.5] 
Next, the impedance measurements were converted to admittance by taking the complex 
reciprocal. Admittance is also a complex quantity composed of the conductance (G) and 
susceptance (B). The conversion from impedance to admittance allows the parallel 





= 𝐺𝑎𝑖𝑟+𝑚𝑎𝑡 + 𝑗𝐵𝑎𝑖𝑟+𝑚𝑎𝑡 [3.6] 
The relative permittivity of air is approximately one, and thus the capacitance of the air 
displaced is represented by the geometry of the chamber with inner and outer electrode 









 The complex admittance of the material was then determined by removing the 
capacitance of the fixture and displaced air from the susceptance. The conductance of the 
air in the fixture (Gair) was assumed to be negligible. 
 𝐵 = 𝜔𝐶 [3.8] 
 𝑌𝑚𝑎𝑡 = 𝐺𝑎𝑖𝑟+𝑚𝑎𝑡 + 𝑗[𝐵𝑎𝑖𝑟+𝑚𝑎𝑡 − 𝜔(𝐶𝑓𝑖𝑥 − 𝐶𝑎𝑖𝑟)] = 𝐺𝑚𝑎𝑡 + 𝑗𝐵𝑚𝑎𝑡 [3.9] 
 With all relevant parasitic properties removed, the capacitance of the material could 





 The effective electrical conductivity (σeff) and the relative permittivity (ε'r) were 















Although the parallel resistance of the material does not appear directly in the conductivity 
calculation, it was taken into account implicitly through the conversion of impedance to 
admittance. It is important to note that the capacitive susceptance is a function of 
frequency, so the electrical properties are evaluated at a specific frequency, which was 
27.12 MHz in this case. 
3.1.3 Electrical Properties of Graphite-Doped Nylon 12 Mixtures 
 The effective electrical conductivity defined in Equation 3.11 represents the total 
loss factor of the material at a given frequency but does not provide information about the 




conductive (translational) and polarization (rotational and vibrational) components. 
Although the specific form of loss does not influence the RF heating characteristics of the 
material, identifying the loss mechanisms can explain the behavior of the nylon/graphite 
composites as the graphite composition is increased. The frequency response of the 
electrical conductivity at a given graphite loading can be used to distinguish the conductive 
(σ) losses from the losses due to polarization (ε"). Figure 3.3 gives the effective electrical 
conductivity as a function of frequency for the nylon mixture containing 30% graphite by 
weight. 
 
Figure 3.3 Effective electrical conductivity vs. frequency for 30% graphite by 
weight 
 Rearranging the effective loss factor in Equation 2.7, the effective electrical 
conductivity can be expressed as a function of frequency. The conductivity term (σ) on the 
right side of Equation 3.13 is called the DC conductivity because it typically does not have 
a frequency dependence. The effective electrical conductivity is sometimes referred to as 




 𝜎𝑒𝑓𝑓 = 2𝜋𝑓 0 " + 𝜎 [3.13] 
 Equation 3.13 describes a line in which the y-intercept corresponds to the DC 
conductivity, and the slope is related to the polarization losses. A linear regression on the 
electrical conductivity data in Figure 3.3, then, can provide a comparative estimate of the 
sources of loss in the material. The linear regression on the 30% mixture data gives an R2 
correlation of 0.98 and DC conductivity of 0.0103 S/m. At the design frequency of 27.12 
MHz, the total effective electrical conductivity is 0.0161 S/m. An estimate of the 
polarization loss can be determined by subtracting the DC conductivity (0.0103 S/m) from 
the total effective conductivity (0.0161 S/m) at 27.12 MHz. The relative proportion of each 
loss mechanism is found by dividing the DC conductivity and polarization loss by the total 
conductivity. By this estimate, 36% of the loss is due to polarization effects while the 
remaining 64% can be attributed to electrical conduction. 
 The effective electrical conductivity as a function of frequency for mixtures 
containing between 10% and 60% graphite by weight is shown in Figure 3.4. In general, 
the effective electrical conductivity increases with frequency due to the combination of 
conductive and polarization losses. However, at graphite concentrations that are 40% by 





Figure 3.4 Effective electrical conductivity vs. frequency for nylon/graphite 
mixtures containing between 10% and 60% graphite by weight. 
 From the conductivity data, it appears that both polarization and conductive losses 
contribute to the total conductivity of the nylon and graphite mixtures. In filler-matrix 
composites, the dominant polarization loss mechanism is Maxwell-Wagner interfacial loss 
where free charges accumulate at the particle interfaces [96]. The conduction losses in 
conductive composites can also arise from interfacial effects that are similar to Maxwell-
Wagner [97]. As the frequency is increased, the charge flux is limited by the drift velocity 
of the electrons within the graphite which constitutes a loss mechanism and contributes to 
heating. 
 The effective electrical conductivity at 27.12 MHz as a function of graphite content 
is given in Figure 3.5. The results suggest the percolation limit for the nylon and graphite 
mixtures occurs around 30% graphite by weight. Below the percolation limit, the nylon 




As the graphite content is increased above 30%, a steady increase in the electrical 
conductivity is observed.  
 
Figure 3.5 Effective electrical conductivity as a function of graphite content at 
27.12 MHz 
 In previous studies investigating the effect of increasing carbon black content on 
polymer composites, the percolation limit was clearly defined by a sharp increase in the 
electrical conductivity and quickly leveled out at higher concentrations [75] [79]. The 
percolation limit is not as clearly defined for the nylon/graphite mixtures, and the electrical 
conductivity gradually increases over a wide range of graphite content. One possible 
explanation for the wider percolation window in the graphite mixtures is that the 
anisotropic nature of graphite means the formation of conduction pathways is not a function 
of direct contact alone, but also the orientation of the graphite particles. In experiments 
conducted by Marinković et al. and Deprez et al., the effect of graphite orientation on the 
conductivity was studied by increasing the packing pressure of graphite powders. As the 




increase in electrical conductivity [98] [86]. If the orientation of the graphite powders 
within the nylon composites is random, then it would be expected that increasing the 
loading would cause percolation to occur over a wider range of graphite concentrations. 
In addition to the conductivity, the dielectric constant of the mixtures increases with 
graphite content. Shown in Figure 3.6, the dielectric constant appears to be divided into 
two distinct linear regions. The region of graphite concentrations below 37.5% is 
characterized by a gradual increase in the dielectric constant. Above 37.5%, however, the 
dielectric constant grows much more rapidly. 
 
Figure 3.6 Relative permittivity as a function of graphite content at 27.12 MHz 
 The observed increase in relative permittivity with increasing conductive filler 
content agrees with previous studies. It has been shown that conductive fillers in a polymer 
matrix exhibit an abrupt change and faster growth near the percolation threshold [99] [100]. 
The permittivity increase is most likely caused by charges building up at the interfaces 
between the conductive filler and the matrix which, interestingly, is the same mechanism 




the polymer causes small insulating gaps between the graphite particles, and the system 
behaves like a network of connected capacitors [96]. As the graphite content is increased, 
the number of interfaces also increases causing a rise in the total capacitance and thus 
permittivity of the system. 
 The dielectric constant and effective conductivity both influence the RF heating 
characteristics of a material. Referring to Equation 2.5, the power dissipated is a function 
of the loss factor as well as the electric field developed within the material. In dielectrics, 
the electric field within the material is reduced by a factor of εr' because polarization of the 
atoms in the material create an opposing electric field [103]. Superposition of the induced 
electric field with the applied electric field causes a reduction in the power dissipation as 
the relative permittivity increases. Therefore, there is a tradeoff between the material’s loss 
factor and dielectric constant in RF heating. For this reason, the loss tangent is often 
considered in RF heating applications. The loss tangent of a material is the ratio between 





 The loss tangent as a function of graphite content for the nylon mixtures is shown 
in Figure 3.7. Since the conductivity and relative permittivity both increase with graphite 
loading, the loss tangent provides a clear demonstration of the tradeoff that takes place. As 
the graphite content is increased, the loss tangent rises rapidly. However, it reaches a 
maximum value around 35% graphite before declining. The decrease in the loss tangent at 
higher graphite loadings shows the dielectric constant grows faster than the conductivity, 
and the shape of the trend aligns with the results of Yacubowicz et al. [99]. The loss tangent 
results suggest the 35% graphite mixtures is expected to have the highest degree of heating 





Figure 3.7 Loss tangent as a function of graphite content at 27.12 MHz 
 There is an inverse relationship between the electrical conductivity and penetration 
depth of RF radiation. The penetration depth as a function of graphite loading was 
calculated from the electrical conductivity measurements and is shown in Figure 3.8. The 
electrical conductivity increases with graphite content which then causes the penetration 
depth to decrease. The penetration depth for the 10% graphite mixture is 14.4 m and drops 
to 6.6 cm in the 60% sample. At 35% graphite by weight where the loss tangent reaches a 
maximum, the penetration depth is 16.4 cm. Penetration depth is an important parameter 





Figure 3.8 Penetration depth as a function of graphite content at 27.12 MHz 
 The electrical properties of the nylon/graphite mixtures reveal interesting insights 
into the mechanism of charge storage and loss. The tradeoff between the electrical 
conductivity and relative permittivity in the loss tangent results indicate the expected 
dopant levels for the most effective RF heating. The penetration depth gives additional 
support for the choice of RF over higher frequencies and establishes the upper limit on the 
size of parts to be heated. 
3.2 RF HEATING EXPERIMENTS FOR GRAPHITE-DOPED NYLON 12 MIXTURES 
3.2.1  Experimental Apparatus 
 The source of the RF radiation was a 560 W short wave diathermy machine 
manufactured by the Burdick Corporation with an operating frequency of 27.12±0.16 
MHz. The diathermy machine featured a crystal controlled oscillator to minimize variation 
in the output frequency. In any RF application, maximum power transfer occurs when the 
load impedance matches the source impedance. The impedance was matched to the load 




current was achieved, indicating the system was at resonance [104]. Newer diathermy 
equipment incorporates a matching circuit to continually tune the system without 
intervention. 
 The applicator, shown in Figure 3.9, consisted of parallel copper plates separated 
with threaded Teflon rods to enable adjustment of the electrode spacing. The electrodes 
were connected directly to the output of the diathermy machine and enclosed in a Faraday 
cage to prevent RF leakage. The electrode voltage was monitored through a differential 
capacitive voltage divider and an Iwatsu SS-5321 oscilloscope connected to the diathermy 
machine.  
 
Figure 3.9 Experimental applicator showing powder cavity, electrodes, and 
connections to RF generator 
 In-situ thermal monitoring of the samples was achieved using a FLIR E60 
longwave infrared camera (λ = 7.5 to 13 μm) that was mounted above the samples. The RF 
chamber, applicator, and camera configuration used in the experiments is shown in Figure 
3.10. Non-contact infrared imaging was preferred over contact measurements such as 
thermocouples because it has no effect on the applied electric field, although it limits the 
measurements to the powder surface. Additionally, the IR measurements captured the 





Figure 3.10 Faraday cage surrounding applicator showing IR camera mounted 
above the sample 
3.2.2  Sample Preparation 
 The goal of the RF heating experiments was to demonstrate selective heating in a 
powder bed containing virgin and doped powders. Preparation of the samples, then, 
required the powder bed to be separated into two distinct regions of virgin and doped 
powder. Thin PLA forms, shown in Figure 3.11, were used to selectively dope the powder 
bed into regions with circular, square, and rectangular cross sections. The forms allowed 




       
Figure 3.11 Thin forms used to selectively dope the powder bed into regions of 
circular (left), square (center), and rectangular (right) cross 
sections.  
 The samples were prepared according to the steps outlined in Figure 3.12. The 
chamber was first partially filled with virgin nylon power. Then, a small form was placed 
in the center and surrounded on all sides by additional virgin powder. Lastly, the doped 
powder was placed in the cavity that was created by the form, and the form was removed.  
 
Figure 3.12 Process showing how the PLA forms are used to separate doped 
powder from virgin. a) The chamber was filled with a base layer of 
virgin powder. b) The form was placed in the center of the chamber 
and surrounded by additional powder to create a cavity. c) The 
cavity was filled with graphite-doped powder. d) The form was 
removed to create an interface between doped and virgin powder.   
 After the form was removed, the powder bed consisted of a doped region having 
the cross section of the form surrounded by virgin powder. In this way, an unimpeded 
interface between the two regions was preserved to allow thermal conduction between 
them. In maintaining the boundary between the doped and virgin regions, the selectively 




in the powder bed as part of a volumetric RF AM process. After defining the geometry of 
the doped region, the powder bed was placed between the electrodes in the RF chamber for 
the heating experiments. 
3.2.3 RF Heating Results and Discussion 
 RF heating experiments were conducted to measure the effect of varying the 
graphite content on the temperature rise of the doped powders. The electrical property 
measurements were useful in determining the sources of charge storage and loss, but the 
properties represented intrinsic behavior of the materials and did not account for geometric 
effects. For each of the nylon/graphite mixtures, the circular form was used to define a 
cylindrical doped region. The circular cross section (Figure 3.11) was chosen for the initial 
experiments to minimize the number of corners and edges on the geometry that could lead 
to non-uniform heating. The tuning parameters of the RF generator were held constant for 
all experiments, and the surface temperature of the powder bed was recorded with the 
infrared camera. The average surface temperature of the doped region after 90 seconds of 





Figure 3.13 Average surface temperature of the doped region after 90 seconds 
of RF exposure. The doped region had a circular cross section, and 
the tuning parameters of the RF generator were held constant. 
 Very little heating occurred for graphite concentrations below 20% and above 40% 
by weight. However, the mixtures containing between 30% and 40% graphite produced a 
significant rise in surface temperature. The general trend from the RF heating experiments 
closely resembles the loss tangent data in Figure 3.7, although the maximum occurs at a 
lower graphite loading. The largest temperature rise occurred around 32.5% graphite, while 
the loss tangent was maximum at 35%. The limited heating in the lower concentrations can 
be attributed to the effective conductivity of the mixtures being sufficiently small to prevent 
substantial power loss. As the loading increased the loss tangent reached a maximum, 
corresponding to a maximum heat generation in the RF experiments. At higher 
concentrations, however, the heating data and loss tangent data differ. The loss tangent 
gradually declined after reaching a maximum, while the heating data showed a steep drop-
off in temperature rise for concentrations above 40%. One possible explanation for the 




increasing graphite content. At higher graphite concentrations, the combination of 
decreasing loss tangent and penetration depth caused a larger decline in heat generation 
than could be explained by the loss tangent alone. Another potential reason for the 
reduction in absorption is the increase in drift velocity caused by higher E-field strengths 
in the RF heating experiments compared with those used in the electrical property 
measurements. 
 In addition to the electrical properties, the geometry of the material has been shown 
to influence the heating characteristics in RF applications. The presence of sharp corners 
and flat faces can distort the electric field within the material and result in non-uniform 
heating [21] [105]. Considering the fusion of graphite-doped nylon mixtures, non-uniform 
heating is undesirable because it can lead to unintended geometric artifacts in the fused 
parts. To investigate the effect of geometry on heating, RF experiments were conducted 
using the circular, square, and rectangular forms to define different geometries. Thermal 
images of the powder surface provided an indication of heating uniformity by showing the 
temperature distributions across the powder bed. For each of the RF experiments, the doped 
region contained 30% graphite by weight. In the absence of the conductive particles, the 
measured electrode voltage was approximately 1,070 Vrms, corresponding to an estimated 
E-field strength of 343 V/cm. Figure 3.14 shows the surface temperature for a cylindrical 
doped region after five minutes of RF exposure. The electrodes in Figure 3.14 and 
subsequent infrared images were on the top and bottom with respect to the image, and the 
electric field direction is shown. The estimated E-field strength during the experiment was 
375 V/cm. Notably, the IR measurements demonstrated selective heating of the doped 





Figure 3.14 Temperature profile after 5 minutes RF exposure for a doped region 
defined by a circular cross section. The electrodes are parallel to 
the top and bottom of the image, and the direction of the electric 
field is shown.  
 The temperature profile of the circular cross section indicated a higher 
concentration of heat in the center with lower heating on the sides. Some of the 
irregularities on the surface were a result of the powder consolidating as it was heated 
beyond its melting point. As the powder densified, cooler surrounding powder fell from 
the sides and created what appeared to be cooler regions on the part surface. 
 The surface temperature distribution for a doped region with a square cross section 
is given in Figure 3.15. The image was captured after six minutes of RF exposure, and 
electric field strength was approximately 331 V/cm. The temperature pattern for the square 
geometry indicated highly non-uniform heating in which some regions were substantially 
hotter than their surroundings. In particular, thermal concentrations occurred at the corners 
and extended through the center of the part. Each of the flat edges of the square cross 





Figure 3.15 Temperature profile after 6 minutes RF exposure for a doped region 
defined by a square cross section. The electrodes are parallel to the 
top and bottom of the image, and the direction of the electric field is 
shown. 
 Figure 3.16 shows the temperature distribution after five minutes of RF exposure 
for a rectangular cross section. During the experiment, the electric field strength was 
approximately 387 V/cm. Similar to the temperature pattern for the square cross section, 
the rectangular geometry showed highly non-uniform heating. Local hot spots in the 
corners of the rectangle were connected in the direction of the electric field, and the heating 
of the sides was substantially greater than in the center region. As with the circular cross 
section IR image, some of the irregularities were caused by the powder densification and 
subsequent powder falling to the molten surface. 
 
Figure 3.16 Temperature profile after 5 minutes RF exposure for a doped region 
defined by a rectangular cross section. The electrodes are parallel 
to the top and bottom of the image, and the direction of the electric 




 RF radiation was applied to the samples until substantial portions of the surface 
exceeded the melting temperature of the nylon 12, which was approximately 180°C. In 
these regions, the heat generation was sufficient to melt the nylon particles and allow fusion 
to take place as the powder bed cooled. As shown in Figures 3.17-3.19, the fused parts for 
each of the doped geometries highlighted the non-uniform heating that occurred as a result 
of the geometric definition. The total RF exposure time depended on the tuning parameters 
of the generator and the electrode voltage during the experiments. The heating times for 
the circular, square, and rectangular parts were five minutes, seven minutes and thirty 
seconds, and six minutes, respectively. In general, the shape of the parts matched the 
heating patterns in the IR images. However, out-of-plane curvature revealed effects that 
could not be predicted from the IR measurements. The circular cross section geometry 
produced a fused part that was elongated in the direction of the electric field with extreme 
curvature on the bottom surface. For the square cross section, the faces of the fused part 
were curved as the local cooler regions prevented fusion from taking place. The sides of 
the part were thicker in the direction of the electric field corresponding to the hotter regions 
in the thermal image of the powder surface. The fused geometry from the rectangular cross 
section followed similar trends found in the square where the faces were curved due to 
electric field distortions within the doped region. The side profile in Figure 3.19 highlights 





Figure 3.17 Fused part created from a selectively doped powder bed in which 
the geometry was defined by a circular cross section. The doped 
region contained 30% graphite by weight, and the part was exposed 
to RF radiation for five minutes. 
 
Figure 3.18 Fused part created from a selectively doped powder bed in which 
the geometry was defined by a square cross section. The doped 
region contained 30% graphite by weight, and the part was exposed 
to RF radiation for seven minutes and thirty seconds. 
 
Figure 3.19 Fused part created from a selectively doped powder bed in which 
the geometry was defined by a rectangular cross section. The doped 
region contained 30% graphite by weight, and the part was exposed 




 Previous studies have investigated the geometric effect of heating uniformity in RF 
heating applications. Uyar et al. showed the development of temperature spikes at the edges 
and corners of block shaped foods subjected to RF radiation [21]. Although the applied 
electric field was uniform, the field became distorted through interactions with the material 
and boundary condition effects. Non-uniform heating was caused by local field 
concentrations within the material. The geometric irregularities in the RF-fused nylon parts 
were similarly caused by electric field distortions. The influence of geometry on heating 
uniformity is further explored in the next chapter. 
 Although the effects of geometry on heating uniformity require further 
investigation, the experiments demonstrated selective heating and volumetric powder 
fusion using RF radiation as the sole energy source. By combining particular proportions 
of nylon and graphite powders, the effective electrical properties of the composites were 
shown to generate sufficient heat from RF exposure to fuse the nylon particles.  
3.2.4 Mechanical Properties of Sintered Parts 
 The strength of the RF-sintered parts was evaluated by performing standard tension 
tests using an Instron model 3345 frame in a displacement-controlled experiment. The 
fused parts with a rectangular cross section were machined to conform with ASTM D638 
type V standard tensile specimens. The specimens were positioned such that the gage 
sections aligned with the center of the fused parts as depicted in Figure 3.20. The parts 
were created under nominally identical processing conditions using a nylon/graphite 
mixture containing 30% graphite by weight and an RF exposure time of nine minutes. In 






Figure 3.20 Position of ASTM D638 type V tensile bar with respect to RF-
sintered geometry 
 Figure 3.21 shows a characteristic example of the tensile bars after machining. 
Large amounts of external porosity were observed across the surfaces of the specimens. 
Porosity in laser sintered parts is often attributed to incomplete melting of the polymer 
particles and can result in the formation of voids within the parts [106]. However, the 
spherical morphology of the voids in the tensile specimens suggested the porosity was 
unlikely caused by incomplete particle melting. Another possible source for the voids was 
through gas desorption from the graphite particles that trapped bubbles within the molten 
polymer. In experiments conducted by Hashiba et al., mixtures containing graphite powder 
showed a peak in CO2 desorption at 200°C [107]. Similar temperatures were achieved 
during the RF heating experiments to ensure melting of the polymer, and thus gas 
desorption within the molten parts was possible.  
 
Figure 3.21 ASTM D638 type V tensile bar machined from RF-sintered 
specimens 
 The five specimens were tested according to ASTM D638 with an testing speed of 
1 mm/min. Strain measurements were collected using an Epsilon Technology Corp. model 




mounted to the samples for the duration of the experiments, and the samples were tested to 
failure. A characteristic stress/strain response from the tension tests is shown in Figure 
3.22. Three of the five samples fractured within the gage section of the tensile bar, while 
the remaining two samples fractured near the grip section.  
 
Figure 3.22 Characteristic stress/strain response from RF-sintered tensile 
specimens 
 The mechanical properties of the RF-sintered specimens were compared with laser 
sintered nylon 12 as reported by Stratasys Direct Manufacturing, and the results are shown 
in Table 3.1. The error reported from the experimental results corresponded to the standard 
error of the measurements across the five samples. In general, the mechanical properties of 
the RF-sintered parts were considerably poorer than laser sintered nylon 12, showing a 
reduction in the modulus, ultimate tensile strength, and elongation at break. The external 




creating stress concentrations within the specimens. Examination of the fracture surfaces 
revealed the failure locations coincided with one of the voids in nearly every test.  
Table 3.1 Mechanical properties of laser sintered nylon 12 compared with 
RF-sintered properties. The error from the experimental results 
corresponds to the standard error of the measurements across the 
five samples 
 Nylon 12 [108] Experiments 
Tensile Modulus 1,700 [MPa] 1,361 ± 44 [MPa] 
Ultimate Tensile Strength 46 [MPa] 16.5 ± 1.2 [MPa] 
Elongation at Break 4-15 % 2.12 ± 0.35 % 
 The reduction in mechanical properties of nylon 12 through the addition of graphite 
agrees with the results observed by Lee et al., where the introduction of carbon black and 
graphite negatively impacted the flexural strength of the polymer composite [81]. The 
strength of RFAM parts could be improved by considering other forms of carbon for the 
dopant such as carbon nanotubes. Previous studies have shown the addition of carbon 
nanotubes can also improve the electrical conductivity of the composites and reduce the 
amount of dopant necessary to achieve electrical percolation [79] [80]. Further testing is 
required to improve the mechanical performance of RFAM parts and mitigate the 
formation of voids within them. 
3.3 CLOSURE 
 Radio frequency additive manufacturing relies on the combination of an electrically 
insulating polymer with an electrically conductive dopant to achieve selective fusion when 
subjected to RF radiation. The feasibility of the process is determined by the ability to 
modify the electrical properties of the polymer with the addition of the dopant and the 
ability to demonstrate powder fusion using RF radiation. It was shown that the electrical 




the graphite content was increased above 30% by weight, the effective properties of the 
composite mixture transitioned from insulating to conducting in nature. RF heating 
experiments on the mixtures showed that temperature rises above the melting temperature 
of the polymer matrix were possible for certain compositions. Selective fusion of the doped 
mixtures supported the RFAM hypothesis and established a proof-of-concept for the 
process. 
 One of the key findings from the RF heating experiments on the nylon/graphite 
mixtures was identifying the range of graphite concentrations that corresponded to the 
highest degree of heating in 27.12 MHz RF radiation. Increasing the graphite content had 
a positive effect on the heat generation for concentrations below 32.5% graphite by weight. 
Above this limit, however, the heating decreased with increasing graphite content due to a 
reduction in the loss tangent and penetration depth at higher concentrations.  
 The graphite content corresponding to the maximum temperature rise in the 
experiments represents an important parameter in the development of a radio frequency 
additive manufacturing system. Supplying too much dopant to the powder bed produces 
diminishing returns on the observed heating. Therefore it is not advantageous to increase 
the graphite content above the critical limit. This has the effect of bounding the design 
space of RFAM parts to graphite concentrations below the 32.5% limit. 
 The initial RF heating experiments established the feasibility of the RFAM process, 
but the bench-top testing necessarily limited the complexity of parts that could be 
produced. The forms used to pattern the dopant restricted the achievable geometries to 
prismatic structures. Removal of the forms before heating introduced additional sources of 
variability between experiments, and the definition of the doped geometry depended on the 
friction between the powder bed and the walls of the form. The experimental system further 




parts, uniformly doped powder beds exhibit inhomogeneous heating as a result of the 
geometry. To improve the heating uniformity, a system capable of spatially varying the 
dopant concentration may be necessary. Furthermore, the use of graphite powder as the 
electrically conductive dopant causes a reduction in the mechanical strength and ductility 
of the fused parts. Alternative dopant materials such as carbon nanotubes should be 
considered in future work to provide strength improvements in addition to electrical 
conductivity. 
 One of the goals of radio frequency additive manufacturing is to produce 
geometrically complex polymer parts. Therefore, a precise method of patterning the dopant 
to allow spatial gradation and three dimensional geometries is required. Building on the 
electrical property measurements and RF heating results, approaches to functionally grade 
the powder bed and distribute the dopant are explored in subsequent chapters. The findings 
of the bench-top experiments highlighted the potential of RFAM to create parts in a 
volumetric fashion and introduced important research challenges to be addressed during 




Chapter 4: Computational Design Strategy to Improve RF Heating 
Uniformity 
 The utility of additive manufacturing originates from the ability for designers to 
produce complex geometries that cannot be manufactured using conventional methods. 
Heating uniformity issues in RF applications present a challenge to the development of a 
radio frequency additive manufacturing process because they place limitations on the 
geometries that can be created. The focus of this chapter is to introduce computational 
models for the doped powder bed in RFAM and use them to predict the temperature rise 
and phase change behavior during RF radiation exposure. The models are then used in a 
computational design strategy in which several solutions are proposed to improve the 
heating uniformity within the parts and thus improve the geometric resolution of the RFAM 
process by functionally grading the dopant throughout the powder bed. 
4.1 PREDICTION OF TEMPERATURE RISE AND PHASE TRANSITION USING FINITE 
ELEMENT ANALYSIS 
 Analytical solutions to RF heating problems exist only for simple geometries. As 
the geometry of the lossy material grows in complexity, predicting the temperature rise 
within the material requires numerical methods and finite element analysis (FEA) [63] [61]. 
Radio frequency additive manufacturing seeks to create arbitrary geometries; thus, such 
methods are necessary to predict the effects of RF heating on a powder bed. RF heating 
simulations are comprised of an electric component as well as a thermal component. For 
this reason, COMSOL Multiphysics® is commonly used in RF heating simulations. 
COMSOL® is a powerful FEA engine capable of calculating the electric and thermal 
effects in RF heating problems with complex geometries. To predict the temperature rise 
for RFAM parts, COMSOL® version 5.3a was used in conjunction with the supplemental 




4.1.1 AC/DC Model Parameters 
 For the electric component in the simulation, three primary relationships were used 
to determine the heat generation. Gauss’ Electric Law in semiconducting media (Equation 
4.1), the electric field definition (Equation 4.2), and the right-hand-side of Ampere’s Law 
in point form (Equation 4.3) were applied to determine the current density (J), electric field 
strength (E), and electric potential (V) [109]. The inputs to the electrical model were the 
peak root mean square potential difference at the electrodes (V0), frequency (ω), and the 
electrical properties of the doped and virgin powder regions (σ and εr). In Equation 4.3, ε0 
represents the permittivity of free space and has a value of 8.85x10-12 F/m. 
 ∇ ∙ 𝑱 = 0 [4.1] 
 𝑬 = −∇𝑉 [4.2] 
 𝑱 = (𝜎 + 𝑗𝜔 0 𝑟)𝑬 [4.3] 
 The applicator and virgin powder bed were modelled as a rectangular cavity, and 
the electrodes were simulated as voltage boundary conditions on opposite faces of the 
applicator. In the case of RFAM where the size of the applicator was much smaller than 
the radiation wavelength, the electroquasistatic (EQS) approximation was valid. Under the 
EQS approximation, wave propagation effects and magnetic field contributions to heating 
can be ignored [109]. Eliminating the wave effects greatly reduced the computational 
complexity of the RF heating simulations. By considering the voltage as the primary input, 
the electroquasistatic approximation was enforced. The remaining four faces of the 
applicator were prescribed electrically insulating boundary conditions in which the current 
density normal to the surface was zero, depicted in Equation 4.4.  




 The doped geometry was placed in the center of the cavity with corresponding 
electrical properties. From the current density and electric field, the resistive power density 
(Qrh, W/m
3) was determined according to Equation 4.5. The power density represented the 
volumetric energy loss within the doped region and provided a measure of the electric field 
heating.  
 The properties in the electrical simulation were derived from the measurements 
outlined in Chapter 3. The values for the model parameters are given in Table 4.1. The 
electrical properties in the models did not include a dependence on temperature. Previous 
studies have shown the conductivity of graphite/polymer composites to decrease with 
increasing temperature, possibly due to the disruption of conductive pathways through 
thermal expansion during heating [110]. Further testing is required on the nylon and 
graphite composites to confirm the temperature dependence and incorporate it into the 
simulation models. 
Table 4.1 Electrical properties used in simulation for doped and virgin 
powder regions 
Property Symbol Value 
Electrode Voltage V0  1200 [V] 
Frequency f  27.12 [MHz] 
Effective 
Conductivity σeff Virgin 0 [S/m] 
Doped 0.04 [S/m] 
Relative 
Permittivity εr Virgin 2  
Doped 13.8  




4.1.2 Heat Transfer Model Parameters  
 The temperature rise in the simulations was calculated in the thermal component of 
the model according to Equations 4.6 and 4.7. The electric and thermal modules were 
coupled together through the resistive power density as depicted in Equation 4.6. The 
inputs to the thermal model were density (ρ), specific heat (Cp), and thermal conductivity 





+ ∇ ∙ 𝑞 = 𝑄𝑟ℎ [4.6] 
 𝑞 = −𝑘∇𝑇 [4.7] 
 Thermal insulation boundary conditions were prescribed to each external face with 
the exception of the top face in which thermal convection was considered. The thermal 
insulation prevented outward heat flux according to Equation 4.8, while the convection 
heat flux followed Equation 4.9.  
 −𝑛 ∙ 𝑞 = 0 [4.8] 
 −𝑛 ∙ 𝑞 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇) [4.9] 
 The thermal models also included phase transition between the solid and liquid 
phases. COMSOL® uses an apparent heat capacity formulation to model phase change by 
assuming a smooth transition between phases across a predefined temperature interval. 
Outside the temperature window, either the solid or liquid phase properties were used 
depending on whether the temperature was above or below the transition region. Within 
the interval, the material had mixed properties according to the smooth transition function 
(θ) that represented the fraction of each phase at a given temperature. The thermal 
properties were calculated according to Equations 4.10-4.13, where the heat capacity (Cp) 




transition. The subscripts S and L refer to the properties for the solid and liquid phases, 
respectively.  
 𝜌 = 𝜃𝜌𝑆 + (1 − 𝜃)𝜌𝐿 [4.10] 





(1 − 𝜃)𝜌𝐿 − 𝜃𝜌𝑆









 The thermal properties used in the simulations were taken from values found in 
literature and are given in Table 4.2. One of the simplifications in the models was that only 
the thermal properties of the polymer powder were considered, and no distinction was 
made between the thermal properties of the virgin and doped regions. In omitting the 
contribution from the dopant, the melting characteristics of the polymer powders were 
prioritized. The addition of a graphite dopant has been shown to increase the thermal 
conductivity of polymer mixtures. However, graphite powders have a wide range of 
reported thermal conductivities, and the values for dry powder mixtures have not been 
widely studied [112]. Without direct property measurement, it was decided to consider only 
the polymer properties in the simulations. Further, as RF radiation heats the volume 
simultaneously, the thermal conductivity plays a smaller role in the heating of the mixtures 
[26]. The models allowed thermal conduction into the surrounding virgin powder bed and 
sintering beyond the domain of the doped region. An opportunity for future work would be 





Table 4.2 Thermal properties used in the simulations, including phase change. 
The values corresponded to pure nylon 12 powder and were taken 
from sources in literature.  
Property Symbol Value Reference 
Convection Coefficient h  25 [W/m2K] [113] 
Melting Point TS→L  180 [°C] [89] 
Latent Heat LS→L  96.7 [kJ/kg] [114] 
Thermal Conductivity 
kS Solid 0.1 [W/mK] [115] 
 kL Liquid 0.26 [W/mK] [115] 
Density ρS Solid 490 [kg/m3] [113] 
 ρL Liquid 1010 [kg/m3] [113] 
Heat Capacity Cp,S Solid 1287 [J/kgK] [116] 
 Cp,L Liquid 2500 [J/kgK] [114] 
 Figure 4.1 shows a representation of the simulated domains in COMSOL® with 
the doped geometry in the center. The voltage and convection boundary conditions are 
displayed. The models were simulated in a time-dependent, transient study with a 
prescribed radiation exposure time. 
Electrical Boundary Conditions Thermal Boundary Conditions 
  
Figure 4.1 Simulated domains in COMSOL®. The electrodes are represented 
by voltage boundary conditions. The doped region and surrounding 
region are distinguished by prescribing electrical properties 




4.2 DEPENDENCE OF HEATING UNIFORMITY ON DOPED GEOMETRY 
 The COMSOL® models were used to predict the temperature rise due to RF 
radiation for various geometries. Figure 4.2 gives the temperature profiles at the center 
cross section for a sphere and cubic doped region. The white lines in the figures correspond 
to the electric field within the powder bed. Although the applied electric field is uniform, 
the presence of the doped geometry causes distortions in the field as it interacts with the 
higher conductivity in the region. Referring to the power loss in Equation 2.5, a non-
uniform electric field gives rise to non-uniform power loss within the material. The electric 
field is uniform within a spherical geometry, as evidenced by the parallel, equally spaced 
field lines in Figure 4.2a. The heating within the sphere is also uniform as a result of the 
uniform electric field. However, when the geometry is changed to a cube, as in Figure 4.2b, 
the electric field within the conducting region becomes curved with local concentrations in 
the field lines. Local hot and cold regions arise from the non-uniform electric field in the 
cube. Non-uniform heating is expected for any geometry that deviates from spherical. The 
presence of sharp corners and flat faces are particularly prone to causing electric field 
concentrations within the doped region. 
 
Figure 4.2 Temperature distribution at the center cross section for a sphere (a) 
and cube (b). The white lines in the image correspond to the electric 




 The simulated surface temperatures compared to the experimentally measured IR 
surface temperatures for square, circular, and rectangular doped regions are given in Figure 
4.3. Comparing the temperatures at three locations for each of the geometries shows close 
agreement between the models and the experiments. Another point of agreement is in the 
presence of hot spots on the sides for the square and rectangle, however the shape of the 
temperature distributions differs between the simulations and experiments. The local hot 
spots in the IR images are much more exaggerated than the simulations suggest, but the 








Figure 4.3 Comparison between the simulated surface temperature and the 
experimentally measured surface temperature for doped regions 
with square, circular, and rectangular cross sections. The numbers 
in the figure correspond to the temperature measurement locations. 
 The geometry of the sintered parts can be approximated by considering the phase 
of the powder bed at the end of the simulation. Although the models do not account for 




domain that is in the liquid phase after the simulated RF heating. Due to the steep thermal 
gradients at the phase transition boundary, accurate predictions often require an extremely 
fine FEA mesh and can be computationally expensive to solve [117]. The phase change 
parameter in COMSOL® (θ) is represented by a continuous value between 0 and 1 where 
the material at a given location is entirely solid when θ=0, entirely liquid when θ=1, and 
has mixed properties between the two domains. Smaller windows can produce sharp 
transitions in phase but with an added computational complexity from the necessary mesh 
refinement. To reduce the computational expense, a transition window of 60°C is used for 
the RF simulations.  
 The geometry is approximated by displaying only the volume in which the phase 
change parameter is equal to one where the temperature exceeds the melting temperature 
of the polymer. The thermal model is improved by incorporating phase transition by 
considering the energy required to fuse the polymer (latent heat). Figure 4.4 shows the 
comparison between the geometry predictions from the simulations with the 
experimentally fused parts for the circular, square, and rectangular cross sections. The 
geometric predictions successfully capture the main trends in the fused parts. Namely, the 
elongation of the cylinder in the direction of the applied electric field and the thickening of 
the sides in the square and rectangular parts show agreement between the simulation 








Figure 4.4 Comparison between experimental (left) and simulated geometry 
(right) by considering the volume in the liquid phase at the end of 
the simulation run 
 The geometric dependence of heating uniformity on the doped geometry must be 
addressed for the RFAM process to create parts with arbitrary geometries. Previous studies 
have proposed solutions to improve the heating uniformity in RF applications such as 
modifying the material and electrode geometries [63] and adding sacrificial material above 
cold regions to artificially thicken them [65]. In most cases, the electrical properties of the 
substance being heated are fixed, and the geometry can be modified to some extent to 




electrical properties can be varied by adjusting the amount of dopant throughout the part. 
In this way, the dopant can be functionally graded within the powder bed. Computational 
methods are needed to determine the correct grading within the part to improve the heating 
uniformity. 
4.3 COMPUTATIONAL APPROACHES TO FUNCTIONALLY GRADE ELECTRICAL 
CONDUCTIVITY 
 The topic of functionally grading materials is an active research endeavor in multi-
material AM processes, where two materials are combined in such a way that local 
flexibility or rigidity can be achieved within a single part [118]. This principle will be 
adapted for the RFAM process to functionally grade the graphite concentration within the 
nylon composites to improve the heating uniformity and enable the fabrication of complex 
structures. The COMSOL® models can be used in a computational design strategy to 
functionally grade the dopant. The simulations are carried out on a desktop computer with 
a 3.60 GHz processor, 16 GB of RAM, and 4 core CPU. 
4.3.1 Computational Challenges with Traditional Optimization Techniques 
 Topology optimization techniques using the SIMP approach are widely used in 
structural applications and can be adapted to determine the required grading [119] [120] 
[121] [122]. These techniques rely on spatial gradients to converge on a solution. 
Analytical relationships describing the tradeoff between geometry and heating uniformity 
are unavailable for arbitrary shapes, and so RF problems must be treated as black boxes in 
which the mapping from input to output is unknown. In the absence of analytical gradients, 
finite differencing approaches can be used to calculate the gradients at each iteration. 
However, calculating gradients in a 3D finite element model with the finite differences 




calls per iteration increases by the number of nodes in the FEA mesh, and the problem 
quickly becomes intractable.  
 To illustrate the challenges of traditional optimization, two approaches were taken 
to improve the heating uniformity. The first approach sought to functionally grade the 
electrical conductivity to represent varying the dopant concentration. The second approach 
consisted of modifying the doped geometry with a constant electrical conductivity to 
achieve uniform heating within the desired geometry. Both methods used the fmincon 
function in Matlab to solve the nonlinear, constrained, multivariable optimization problem. 
 To enable functional grading, the electrical conductivity was varied spatially 
throughout the simulated domain. In typical FEA settings, properties are applied to the 
elements in the mesh, and the results are calculated at the nodes. However, material 
property definitions in COMSOL® are decoupled from the FEA mesh, and spatial variation 
of the properties was achieved by assigning unique conductivity values to designated 
coordinates throughout the domain. COMSOL® then used a linear interpolation scheme 
between the specified coordinates to assign the properties to the elements when solving. 
To ensure the electrical conductivities were defined on a similar length scale to the 
elements in the FEA mesh, the coordinates of the mesh nodes were used as the locations 
for the property assignment. Although it is uncommon to define properties at nodal 
locations, the interpolation mechanism in the COMSOL® solver compensated for the 
discrepancy. 
 In a normal black box optimization problem, each unique conductivity value 
defines a different variable to optimize, and so the dimensions of the problem scale with 
the number of conductivity definitions. To reduce the dimensionality of the problem, cubic 
smoothing splines were used to define the electrical conductivity at every point within the 




control points instead of the number of mesh nodes, drastically reducing the number of 
parameters in the optimization. Figure 4.5 shows a 3D representation of how the 
conductivity was defined within the geometry for a cube doped region for a 4x4x5 control 
point grid. To further reduce computational expense, symmetry about the y-axis was 
applied. 
 
Figure 4.5 Cubic spline definition of electrical conductivity. The black points 
represent the control points of the spline. The control points are 4 
dimensional where the first three are spatial, and the fourth 
corresponds to the electrical conductivity. 
 To optimize the electrical conductivity, the temperature at each mesh node was 
computed and used to determine the value of the objective function. A penalized norm 
objective function was used in the optimization, defined by Equation 4.14 where n 
represents the number of mesh nodes, Ti represents the temperature at a given node, Tm is 
the average temperature across all mesh nodes, and the exponent p is used for penalization. 
 Even with the reduced dimensionality imposed by the spline representation, the 
optimization required several hours to compute on the desktop computer and failed to 








converge on a nontrivial solution. To improve convergence, the number of control points 
in the spline representation and the control point spacing were varied, and a range of values 
for the penalization exponent were considered. Gradient-based optimization algorithms can 
be sensitive to starting conditions, so the initial values of conductivity as well as the finite 
differencing step size were also varied. The use of splines to define the conductivity 
assumed an underlying smoothness to the solution, but the failure of the optimization 
routine to converge on a nontrivial solution suggested the assumption was invalid.  
 Another attempt at optimization was made by modifying the boundaries of the 
doped geometry to improve heating uniformity within the desired geometry. Splines were 
used to define the edges of a square, as depicted in Figure 4.6. The optimization varied the 
location of the control points to change the geometry. The number of control points of the 
spline were adjusted as well as the initial configuration, but again the optimization failed 
to generate a nontrivial solution. 
 
Figure 4.6 Spline representation of the cubic geometry. The dashed lines 
represent the lines of symmetry imposed during the optimization. 
The black points are the control points for the spline, and the arrows 




 The failure of the optimization methods to find viable solutions was most likely 
caused by the black box nature of the problem and the reliance on global objective 
functions to evaluate the performance. The added computational expense from determining 
the gradients using finite differencing and the failure of the global objective function to 
capture local effects prevented the optimization from being a practical approach to 
improving the heating uniformity in RF heating. 
4.3.2 Heuristic Tuning Method 
 Instead of using optimization to tune the electrical conductivity, the heating 
uniformity was improved by applying a heuristic to adjust the conductivity. The basis for 
the heuristic was that the conductivity should be raised in regions where the local 
temperature is lower than a specified target temperature and lowered when the temperature 
is above. The heuristic was validated by performing simulations in COMSOL® in which 
the electrical conductivity was increased, and the average temperature recorded at the end 
of the analysis. The normalized temperature rise as a function of electrical conductivity is 
shown in Figure 4.7. The maximum value for the trend occurred at an electrical 
conductivity of 0.0425 S/m, after which the temperature rise began to decrease with 
increasing conductivity. The simulations showed the heuristic to be valid as long as the 
electrical conductivity was kept below 0.0425 S/m where an increase in conductivity led 
to an increase in temperature. The RF heating experiments showed a similar trend where 
the electrical conductivities of the powder mixtures at the peak temperature rise were 
between 0.0423 S/m and 0.0862 S/m corresponding to graphite concentrations of 32.5% 





Figure 4.7 Normalized average temperature as a function of electrical 
conductivity.  
 To functionally grade the electrical conductivity, the heuristic was applied in an 
iterative scheme at each of the nodal locations in the finite element mesh, and the values 
were applied to the elements using an internal interpolation algorithm in the COMSOL® 
solver. The main simplification in the heuristic method was that each mesh node was 
treated as fully independent from the neighboring nodes. Considering the nodes to be 
independent, however, enabled the heuristic to be applied at every element simultaneously 
for a given iteration. In this way, the electrical conductivity was incrementally adjusted at 
each mesh node location after a single function call to the finite element simulation. By 
comparison, optimization using finite differencing would have required n+1 function calls 




  Starting with uniform electrical conductivity, the conductivity for the next iteration 
was adjusted based on the current node temperature relative to a target temperature. A 
flowchart of the heuristic tuning procedure is shown in Figure 4.8, and the heuristic is 
defined in Equation 4.15. For a given iteration, the temperature at each mesh node (denoted 
by i) was queried, and the conductivity was adjusted according to Equation 4.15. The size 
of the adjustment was determined by the proportionality constant (Ki) and the difference 
between the nodal temperature and target temperature (ΔTi). The temperature difference 
term was normalized to the maximum observed difference (ΔTmax), penalizing nodes with 
larger errors by applying a stronger correction. The sign of ΔTi implicitly accounted for the 
direction in which the heuristic was applied by reducing the conductivity when the target 
temperature was greater than the nodal temperature. If the temperature at a given node 
passed through the target temperature between iterations, indicated by a sign reversal in 
ΔTi, the proportionality constant at the node was halved for the next iteration. In this way, 
the nodal temperature converged on the target temperature. The heuristic tuning procedure 
was repeated until either the maximum number of iterations was met or the maximum 
temperature difference fell below a predetermined threshold. 
 
Figure 4.8 Flowchart describing how the heuristic tuning method was applied 
to the simulation results. The variables n and nmax represented the 
current and maximum iteration, while i and imax corresponded to the 
current and maximum number of nodes. The proportionality 









 ∆𝑇𝑖 = 𝑇𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑇𝑖 [4.16] 
 ∆𝑇𝑚𝑎𝑥 = max (𝑇𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑇𝑖) [4.17] 
 While the heuristic tuning method did not guarantee optimal solutions, the 
computational expense was dramatically reduced compared with SIMP methods by 
eliminating the need to calculate gradients at each iteration. In most cases, the tuning 
procedure converged on a solution after only 15 function calls to the COMSOL® 
simulation, making the process tenable on a standard desktop computer. 
 The uniformity index was used to evaluate the effectiveness of the tuning process. 
The index, defined in Equation 4.18, considers the temperature difference across the entire 
part volume and is useful for making direct comparisons for a given model configuration 
[123]. An initial temperature (Tinitial) of 20°C was prescribed in the calculations, and the 
remaining quantities were computed in COMSOL® using a fourth order numerical 
integration technique across the FEA nodes. 
 






 Smaller values of the index indicate greater heating uniformity with a minimum 
value of zero to signify no temperature differences across the domain. The uniformity index 
calculations were carried out within the COMSOL® models and were restricted to the 
doped region only.  
 Before applying the heuristic tuning method, a convergence study was carried out 
to measure the effect of element size on the uniformity index in the FEA simulations. 
COMSOL® generated the mesh using five independent parameters that governed the 




refinement ranging from coarse to fine. To reduce the computational expense, the powder 
bed was given a coarser mesh than the doped region. This was a valid assumption when 
determining heating uniformity because uniformity index was calculated for the doped 
region only. The convergence study was conducted with a square prism geometry using 
tetrahedral elements to define the mesh. The element size of the powder bed was constant, 
while the elements in the doped region were varied according to the mesh size categories 
determined by COMSOL®. The uniformity index as a function of element size is shown 
in Figure 4.9. The x axis represents the inverse of the maximum element size, where higher 





Figure 4.9 Mesh convergence for square prism. The x axis is the inverse of 
element size, and so higher values represent a finer mesh. 
 The convergence study revealed large variations in the uniformity index for coarse 
meshes that stabilized as the mesh was refined. To balance computational time and model 
accuracy, the mesh size category corresponding to point c) in Figure 4.9 was used for the 
heuristic tuning simulations. The convergence study was intended to validate the meshing 
procedure in COMSOL®, which used internal algorithms to optimize the five sizing 
parameters for a given refinement category. Different geometries may lead to different 




 The heuristic tuning method was applied to three geometries: a square prism, an 
equilateral triangular prism, and a thin ring. The simulated domains are shown in Figure 
4.10 where the electrode locations with respect to the doped geometries are marked in 
purple. The dimensions of the chamber are 6.24x6.24x2.0 cm, and the dimensions of the 
different geometries are given in Figure 4.10. The model results were processed in a Matlab 
script that tuned the electrical conductivity at each iteration and ran the COMSOL® 
simulations using the LiveLink for Matlab tool. To start the tuning process, a constant 
electrical conductivity of 0.0425 S/m was prescribed to the doped region because it was 
associated with the highest degree of heating in the COMSOL® models.  
Square Prism Triangular Prism Ring 
   
Side length: 4 cm Side length: 4 cm OD: 4 cm 
Thickness: 1 cm Thickness: 1 cm ID: 2 cm 
   Thickness: 1 cm 
Figure 4.10 Simulated geometries used in the heuristic tuning method. The dark 
regions represent the doped geometry where the tuning was applied, 
and the location of the electrodes with respect to the geometry are 
indicated in purple. The dimensions of the chamber are 
6.24x6.24x2.0 cm.   
 The maximum value of conductivity was prescribed as the initial conditions in the 
functional grading simulations, and so the process of tuning necessarily reduced the total 
effective conductivity within the part. For this reason, the tuned parts required a longer RF 
exposure time to compensate for the reduction in the effective conductivity relative to the 
un-tuned, constant conductivity case. Figure 4.11 shows the predicted geometry, 




case (left) and functionally graded conductivity (right) for the square prism. The tuning 
process was performed for 7 iterations completed in 553 seconds. The uniformity index 
was improved from 0.135 in the case of constant conductivity to 0.083 for the functionally 
graded conductivity. The predicted geometry also showed improvement after functional 
grading, where the curvature was reduced on the top and bottom faces. 
Constant σ Functionally Graded σ 
  
t = 120 s t = 210 s 
UI = 0.135 UI = 0.083 
Figure 4.11 Comparison between constant conductivity (left) and functionally 
graded conductivity (right) for a 4x4x1 cm square prism, where t 
represents the simulated RF exposure time and UI is the uniformity 
index. 
 In a similar fashion, the tuning process was carried out for an equilateral triangle 
prism with a side length of 4 cm and depth of 1 cm. The comparison between the constant 
conductivity and functionally graded conductivity cases is given in Figure 4.12. For a 
constant conductivity, the electric field concentrated at the corner facing the electrodes and 
caused the region to sinter beyond the doped region. The uniformity index was improved 
from 0.262 to 0.094 after functionally grading the conductivity. The results are shown after 




Constant σ Functionally Graded σ 
  
t = 200 s t = 500 s 
UI = 0.262 UI = 0.094 
Figure 4.12 Comparison between constant conductivity (left) and functionally 
graded conductivity (right) for a triangular prism with a side length 
of 4 cm and 1 cm thickness, where t represents the simulated RF 
exposure time and UI is the uniformity index. 
The heuristic tuning procedure was also tested on a thin ring with an inner radius 
of 1 cm, outer radius of 2 cm, and thickness of 1 cm. The comparison between the un-tuned 
and functionally graded electrical conductivities is shown in Figure 4.13. The geometry 
predictions showed substantial sintering in the sides of the ring in the direction of the 
applied electric field, and no sintering in the top and bottom regions for the constant 
conductivity case. After 15 iterations of functionally grading the electrical conductivity and 
811 seconds of computational time, the uniformity index was improved from 0.263 to 
0.077. Further, the geometry predictions for the tuned conductivity showed the formation 





Constant σ Functionally Graded σ 
  
t = 150 s t = 650 s 
UI = 0.263 UI = 0.077 
Figure 4.13 Comparison between constant conductivity (left) and functionally 
graded conductivity (right) for a 4 cm outer diameter, 2 cm inner 
diameter, and 1 cm thick ring, where t represents the simulated RF 
exposure time and UI is the uniformity index. 
 The functionally graded electrical conductivity distribution within the parts can 
provide additional insight into the interaction between the electric field and the doped 
geometry. Figure 4.14 shows the graded electrical conductivity at the center cross section 
of the square prism located 0.5 cm from the top and bottom faces. A majority of the tuning 
occurred along the perimeter of the doped region, while the conductivity did not vary 
significantly throughout the interior. The tuned conductivity in the interior was also notably 
low and nearly zero in most areas. The top and bottom regions were prescribed the highest 
conductivity, corresponding to the cold spots in the un-tuned case. 
 
Figure 4.14 Spatially tuned conductivity for a 4x4x1 cm square prism at the 




 The functionally graded conductivity at the center cross section of the triangular 
prism is shown in Figure 4.15. Similar to the square prism, the conductivity throughout the 
interior was nearly zero, and most of the tuning was concentrated around the perimeter. In 
the constant doping case, the electric field concentrated at the corner facing the electrodes 
which caused a sharp increase in the temperature. In response, the conductivity was 
reduced in the upper corner and increased in the other two corners during the functional 
grading process. 
 
Figure 4.15 Spatially tuned conductivity for a triangular prism with a side length 
of 4 cm and depth of 1 cm at the center cross section. 
 Lastly, the functionally graded conductivity at the center cross section of the thin 
ring is given in Figure 4.16. The results were consistent with the previous two cases in 
which the conductivity within the interior was greatly reduced compared to the edges. The 
highest conductivity was prescribed to the top and bottom regions where the un-tuned 





Figure 4.16 Spatially tuned conductivity for a 4 cm outer diameter, 2 cm inner 
diameter, and 1 cm thick ring at the center cross section. 
 The distribution of the electrical conductivity in the functionally graded geometries 
highlighted the need for computational approaches to improve the heating uniformity and 
provided an explanation for the failure of the traditional optimization techniques to find a 
nontrivial solution. The steep gradients in the tuned electrical conductivity at the 
boundaries disproved the underlying assumption of smoothness imposed by the cubic 
spline representation of conductivity in the optimization attempts. The heuristic tuning 
method did not make an assumption of smoothness but sacrificed the guarantee of finding 
optimal results. However, the results of the heuristic tuning method demonstrated the 
effectiveness of spatially varying the electrical conductivity as a means of improving the 
geometrically-induced heating uniformity issues in RF heating applications. The 
computational expense of the heuristic tuning procedure was greatly reduced compared to 
traditional optimization techniques making it a viable option for functionally grading the 




4.3.3 Changing Electrode Configuration to Improve Heating Uniformity  
 In addition to functionally grading the electrical conductivity, modifying the 
electrode configuration was considered to improve the heating uniformity in the RF heating 
simulations. Birla et al. showed that rotating material with respect to the electric field in an 
RF applicator improved the heating uniformity in fruit [124]. However, simulating a 
rotating electric field can be difficult because the boundary conditions must also change at 
each time step [61]. Therefore, instead of modelling a continuously rotating powder bed, a 
two-stage heating process was chosen in which the electrode configuration was modified 
sequentially during the simulation. The two-stage process consisted of activating opposing 
pairs of electrodes by changing the boundary conditions in the simulation as shown in 
Figure 4.17 for the thin ring. A portion of the simulation was conducted using the first 
configuration then switched to the second configuration for the remaining time steps. 
Configuration 1 Configuration 2 
  
Figure 4.17 Electrode configurations for orientation-dependent simulations of a 
thin ring 
 Figure 4.18 shows the effect of applying multiple electrode configurations to the 
thin ring. The electrodes were activated for 75 seconds in the first configuration followed 
by 45 seconds in the second configuration. The heating times were asymmetrical because 
regions that were predominately heated in the first configuration began to cool as the 
second configuration was applied. The uniformity index for a constant electrical 




two-stage process. The heating uniformity for multiple electrode configurations and a 
constant doping nearly matched the functionally graded uniformity index of 0.077 without 
implementing an iterative computational design strategy. 
Constant σ Functionally Graded σ Two-Stage 
   
t = 150 s t = 650 s Configuration 1: 
Configuration 2: 
t = 75 s 
t = 45s 
UI = 0.263 UI = 0.077 UI = 0.109 
Figure 4.18 Predicted geometry and uniformity index calculations for a thin ring 
in a single electrode configuration with constant electrical 
conductivity (left), single electrode configuration with functionally 
graded electrical conductivity (middle), and constant electrical 
conductivity with multiple electrode configurations (right) 
 With the successful application of the two-stage heating method on the thin ring, 
the process was tested on a more complex geometry. With a large aspect ratio and detailed 
features, a longhorn head was selected as the representative geometry. The two electrode 
configurations used in the simulations are shown in Figure 4.19.   
Configuration 1 Configuration 2 
  
Height: 2.5 cm 
Width: 5 cm 
Thickness: 0.5 cm 
Figure 4.19 Electrode configurations for orientation-dependent simulations of a 
longhorn head. The height, width, and thickness correspond to the 




 Figure 4.20 shows the predicted geometries and uniformity index values for each 
electrode configuration as well as the combined two-stage case. For the first configuration, 
nearly all the fusion occurred in the horn region, while the predicted geometry for the 
second configuration showed fusion only in the head region. By implementing the two-
stage process, the effects of the individual configurations were superimposed to produce a 
closer resemblance to the desired geometry. The uniformity index in the combined case 
was only slightly lower than in the second configuration but captured more detail in the 
predicted geometry. The smaller degree of heating in the horn region for configuration 2 
had less of an effect on the uniformity index because the horns made up a smaller 
proportion of the part volume. The two-stage heating process improved the heating 
uniformity for the longhorn, but it was unable to resolve some of the finer details and 
curvature present in the desired part. 




t = 60 s t = 90 s 
Configuration 1: 
Configuration 2: 
t = 90 s 
t = 60s 
UI = 0.419 UI = 0.220 UI = 0.194 
Figure 4.20 Predicted geometry and uniformity index for longhorn head 
simulations in each electrode configuration as well as the two-stage 
combined configuration. 
 The two-stage heating results showed the predicted geometry and heating 
uniformity can be improved by rotating the powder bed with respect to the electrodes. For 
the thin ring simulation, the heating uniformity was close to the functionally graded case 
and did not require multiple function calls to the finite element simulation. Two-stage 




predicted geometry for the combined configurations resembled a superposition of the two 
individual configurations. For certain geometries, two-stage heating could improve the 
resolution of RFAM parts without the need to functionally grade the powder bed.  
4.3.4 Multiple Electrode Configurations to Ease Functional Grading Effort 
 Implementing a two-stage heating approach improved the uniformity index for 
uniformly doped geometries. Subsequent simulations were conducted to evaluate whether 
the uniformity index could be reduced further by combining the two-stage heating process 
with the heuristic tuning method to functionally grade the electrical conductivity. A 
diamond geometry with a side length of 3 cm and thickness of 1 cm was chosen to test 
combined effects, and the electrode configurations are illustrated in Figure 4.21. The 
diamond geometry was selected because the vertices were oriented towards the electrodes 
in both configurations, increasing the likelihood of electric field concentrations and non-
uniform heating. 
Configuration 1 Configuration 2 
  
Side length: 3 cm 
Thickness: 1 cm 
Figure 4.21 Electrode configurations for orientation-dependent simulations of a 
diamond 
 To establish a baseline, the first configuration was used in the heuristic tuning 




configuration was 0.161. Functional grading with the electrodes in the first configuration 
improved the uniformity index to 0.125, as shown in Figure 4.22. 
Constant σ Functionally Graded σ 
  
t = 150 s t = 400 s 
UI = 0.161 UI = 0.125 
Figure 4.22 Predicted geometry and uniformity index for single electrode 
configuration heating and functional grading for the diamond 
geometry 
 Next, the two-stage heating mechanism was applied, and the functional grading 
process was repeated. The heuristic tuning method did not need to be adjusted to 
accommodate the two-stage heating because the finite element simulation was treated as a 
black box with the electrical conductivity values at the mesh nodes as inputs and final 
temperature distributions as outputs. The predicted geometries and uniformity index values 
for the constant and functionally graded conductivities are given in Figure 4.23. Two-stage 
heating improved the uniformity index compared with the single stage results even after 
functional grading. The lowest value for the uniformity index was achieved by combining 




Constant σ Functionally Graded σ 
  
Configuration 1: t = 75 s Configuration 1: t = 125 s 
Configuration 2: t = 75 s Configuration 2: t = 125 s 
UI = 0.101 UI = 0.074 
Figure 4.23 Predicted geometry and uniformity index for multiple electrode 
configurations and functional grading for the diamond geometry 
 The functionally graded electrical conductivity distributions at the center cross 
section for the single-stage and two-stage electrode configurations are shown in Figure 
4.24. For the single-stage process, very little heating occurred along the sides of the 
diamond, and the electrical conductivity was tuned to its maximum value in those regions.  
The pattern for the two-stage process was noticeably different, and the majority of the 
tuning occurred around the perimeter. As demonstrated in the conductivity distributions 
and the uniformity index values, functional grading with multiple electrode configurations 
was the most effective method for improving the heating uniformity in the RF simulations. 
One-Stage  Two-Stage  
  
Figure 4.24 Spatially tuned conductivity for the diamond geometry with the 






 Finite element analysis simulations in COMSOL Multiphysics® enabled the 
prediction of temperature rise and phase change behavior of the doped powder beds in 
RFAM. The models were used to show the electric field concentrations within non-
spherical geometries that led to thermal gradients within the parts. Geometrically-induced 
non-uniform heating was responsible for the unintended curvature seen in the parts 
produced in the RF heating experiments. A computational design strategy using the 
COMSOL® FEA models was proposed to improve the heating uniformity by functionally 
grading the electrical conductivity throughout the doped region. The electrical conductivity 
was spatially graded by applying a heuristic to adjust the conductivity values at every node 
in the FEA mesh in an iterative process. The design strategy was evaluated according to 
the relative change in the uniformity index before and after tuning. An alternative method 
to improve the heating uniformity was demonstrated by modifying the electrode 
configuration during the simulations. Lastly, the two methods were combined to produce 
the greatest effect on heating uniformity. In order to manufacture the functionally graded 
parts for the RFAM process, a system for spatially patterning the dopant in different 
concentrations is required. The following chapter focuses on the design of a dopant 
deposition mechanism capable of defining the geometries on a layer-by-layer basis with 





Chapter 5: Design of a Dopant Delivery Mechanism for RFAM 
Previous chapters have demonstrated the feasibility of RFAM by showing how 
graphite-doped nylon powders can be fused by exposing them to RF radiation. A method 
for improving the heating uniformity for different geometries was proposed, and the 
theoretical improvements were evaluated using computational models developed in 
COMSOL Multiphysics®. While the benchtop fusion experiments and FEA simulations 
were useful in establishing the viability of volumetric sintering, additional work is required 
before RFAM can be considered a manufacturing process. Towards that end, a mechanism 
for patterning the dopant and functionally grading the powder bed are important 
considerations in the development of the process. In this chapter, requirements for the 
RFAM process are discussed as well as two methods for delivering the dopant to the nylon 
powder bed.  
5.1 SYSTEM REQUIREMENTS FOR THE RFAM PROCESS 
 The functional requirements of a radio frequency additive manufacturing system 
involve the coordination between three main components. A mechanism for patterning the 
dopant is needed to define the geometry of the parts. The powder bed consisting of the 
doped and virgin powder regions should be contained within a build chamber. Lastly, the 
system must include a means of supplying RF radiation to the powder bed. The RFAM 
process is established through the cohesive integration of the three subsystems. 
5.1.1 Dopant Delivery Requirements 
 The mechanism for defining the doped geometry is perhaps the most critical of the 
three components as it determines the minimum spatial resolution of the final parts. The 
primary task of the delivery mechanism to is to precisely deposit controlled volumes of 




geometries at a temperature that is low enough to ensure fusion does not take place. To 
create complex geometries, the powder bed should be self-supporting, meaning the entire 
volume is occupied by either doped powder or virgin powder. For this reason, the dopant 
should be delivered on a layer-by-layer basis as with other powder bed fusion processes 
such as binder jetting, selective laser sintering, and multi jet fusion. The speed of dopant 
delivery is another important parameter in reducing the processing time of RFAM parts 
over other AM methods. Finally, based on the computational models shown in the previous 
chapter, functional grading of the dopant within the powder bed may be necessary to 
improve the geometry of RFAM parts. Therefore, the dopant delivery system must be able 
to deposit variable dopant concentrations throughout the powder bed. The method of using 
forms to define the geometry for the RF fusion experiments in Chapter 3 not only was 
limited to simple prismatic shapes, but also was capable of delivering only constant dopant 
concentrations. Spatial grading of the dopant is necessary to validate the computational 
design strategy from the previous chapter and demonstrate improved geometric resolution 
from functionally grading the dopant in the powder bed.  
5.1.2 Build Chamber Requirements 
 The build chamber in radio frequency additive manufacturing serves two functions. 
In addition to containing the powder bed, the volume of the chamber should be expandable 
to support the repeated deposition of thin powder layers. The material used to form the 
build chamber is particularly important in the context of RFAM because the entire chamber 
and powder bed are subjected to RF radiation. Therefore, the build chamber should be 
made of an RF-transparent material because any energy absorbed by the chamber walls 
would detract from the power available to heat the doped powder. Further, if the dopant is 
to be defined on a layer-by-layer basis, the chamber must accommodate layer spreading by 




manufacturing systems, the build chamber functions as a piston such that its base lowers 
into the chamber as new powder layers are spread across the surface. A similar architecture 
could be implemented for RFAM. 
5.1.3 RF Generator Requirements 
 The final component of a radio frequency additive manufacturing system is the RF 
generator and applicator that together supply radiation to the powder bed. There are a 
variety of RF generators ranging from small-scale to industrial-sized equipment. The initial 
fusion experiments showed that it is possible to heat nylon mixtures to their melting 
temperature using a comparatively small 560 W RF generator. Higher power output could 
enable the production of larger parts. Industrial systems are manufactured with power 
ratings as high as 20 kW, but the size and cost of such systems would outweigh their benefit 
in an RFAM application [45]. To maximize the efficiency of heating, the RF generator 
should have a tuning circuit to ensure proper coupling between the source impedance and 
the load. In addition to the RF generator, the design of the applicator is an important 
consideration for the RFAM process. Namely, the spacing of the electrodes should be 
variable to improve the RF coupling characteristics of the system for parts that have 
different sizes [31]. The size of the electrodes is another important factor in the applicator 
design. The electrodes should be larger than the sample so that the electric field incident 
on the sample is as uniform as possible. The sample should also be placed in the center of 
the applicator to avoid fringing effects at the edges of the electrodes where the electric field 
is curved. 
 In developing a volumetric radio frequency additive manufacturing process, the 
design of the dopant delivery mechanism, build chamber, and RF components are 
important considerations. In an ideal RFAM system, the three components would interact 




fledged RFAM machine is establishing the mechanism for patterning the dopant and 
integrating it with the existing experimental RF equipment. The rest of this chapter 
introduces two possible methods for delivering the dopant in an RFAM application. The 
first system consists of depositing pre-mixed doped powders to define the geometry. The 
second system uses an inkjet print head to deliver the dopant as a nanoparticle ink into the 
powder bed. 
5.2 DESIGN OF A POWDER DEPOSITION SYSTEM 
 After demonstrating RF fusion of the nylon 12/graphite mixtures, a system for 
spatially patterning the dry powders was devised. A prototype machine was developed by 
retrofitting a MakerBot Replicator 2 material extrusion AM machine. The prototype system 
is shown in Figures 5.1 and 5.2 with the critical components labeled. 
 
Figure 5.1 MakerBot Replicator 2 modified to pattern doped dry powders. The 





Figure 5.2 Build area showing the powder dosing mechanism, build chamber, 
and overflow tray 
5.2.1 Powder Dosing Mechanism 
 Patterning of doped powders was accomplished by replacing the filament extruder 
and heating elements on the MakerBot system with a powder deposition mechanism. The 
mechanism, shown in Figure 5.3, was capable of dispensing individual volumes of doped 
powder and was powered by the existing stepper motor previously used to extrude the 
filament in the MakerBot. The dosing wheel containing 30 cavities was connected to the 
stepper motor. The doped powder was placed in the hopper above the wheel housing and 
gravity-fed through the mechanism. The cavities in the dosing wheel were filled with doped 
powder, and the wheel was rotated by the stepper motor. Discrete volumes of powder were 
deposited by advancing the wheel by 36 degrees corresponding to the sector angle of one 
cavity and allowing the powder to exit through the nozzle. Since the powder needed to 




it was necessary to prime the mechanism by rotating it by at least one half of a revolution 
before patterning the dopant. 
 
Figure 5.3 Dosing mechanism for depositing discrete volumes of doped powder 
 Early design iterations of the dispensing mechanism revealed the tendency of the 
doped powders to resist flowing from the hopper to the dosing wheel. For this reason, two 
eccentric rotating mass vibration motors were added to the hopper and housing to agitate 
the powders and promote flow through the mechanism. The location of the vibration 
motors was chosen to be as close to the entry and exit points on the dosing wheel as 
possible. The components of the dosing mechanism were created on a material extrusion 
AM machine in PLA plastic. Figure 5.4 shows the final design of the dosing mechanism 
as it was installed on the patterning machine. The mechanism was attached to a carriage on 
the MakerBot machine that restricted its motion to the x and y axes through motor-





Figure 5.4 Powder dispensing mechanism as implemented in the final design of 
the patterning machine 
5.2.2 Build Chamber Design  
 The build chamber was designed to be removable and interchangeable so that the 
doped powder beds could be transported to the RF generator and placed between the 
electrodes for heating. The base of the chamber also needed to move relative to the walls 
to accommodate layer-wise powder deposition. An additional restriction on the design of 
the chamber was that all components needed to be manufactured from electrically 
insulating materials to avoid disturbing the electric field during the RF heating stage. 
 To enable the deposition of multiple layers, the MakerBot build plate was removed, 
and the base of the chamber was rigidly attached to the z axis carriage through a piston rod. 
The base was positioned inside four walls that were held in place by a wooden stand as 
depicted in Figure 5.1. Relative motion between the base and the walls was achieved by 
moving the z-stage of the machine with the walls fixed. For each layer, the cross section 
of the part was defined by patterning the doped powder with the dosing mechanism. After 




virgin powder, and the powder bed was lowered by one layer thickness. The top surface of 
the chamber walls aligned with the platform of the stand so that virgin powder could be 
spread to the remaining regions. The prototype machine required the virgin powder to be 
spread manually, although automatic powder spreading could be incorporated into future 
versions.  
 After depositing all layers, the filled chamber containing the doped powder bed 
needed to be removed from the machine and placed in the RF applicator. A system 
incorporating multiple interlocking parts was designed to detach the filled chamber from 
the machine. Figure 5.5 shows the four-step procedure for removing the powder bed. The 
base was connected to the piston rod through an adapter that locked into a keyway cut into 
the bottom of the base. In the first step, the base was attached to the piston rod and moved 
down as the powder layers were deposited. Once the build process was completed, the 
adapter was rotated to align with the keyway and removed as shown in the second and third 
steps. Without a rigid attachment to the machine, the filled chamber could be removed and 
placed between the RF electrodes. 
 
Figure 5.5 Steps detailing the separation of the powder bed from the patterning 
machine to enable heating in the RF generator 
 It was important for the powder piston to seal properly with the walls of the build 
chamber to prevent the powder bed from leaking, so a rubber gasket was placed around the 




would not interfere with the RF radiation, the base and walls were additively manufactured 
in PLA plastic. The build chamber contained no metallic components and could be placed 
directly between the electrodes in the RF generator to heat the entire powder bed after 
building. 
 The dimensions of the build chamber were 62.4x62.4x30 mm, but the maximum 
part thickness was slightly reduced because a thin layer of virgin powder was spread over 
the base before depositing the doped powder. The thin nylon layer provided thermal 
insulation to the bottom of the powder bed and prevented the doped region from fusing to 
the base. In this way, the build chamber could be reused in subsequent experiments. The 
chamber dimensions limited the size of the parts that could be fabricated, but the modular 
design of the machine facilitated alternate chamber geometries. The build chamber could 
be replaced by fabricating the base and walls in the desired geometry and creating a wooden 
platform with a cutout in the shape of the chamber cross section. 
5.2.3 Process Planning 
 The motion of the stepper motors in the powder deposition machine was controlled 
by sending customized g-code commands to the machine. G-code (also called RS-274) is 
a programming language that is widely used in numerical control applications such as CNC 
machining and additive manufacturing [125]. In addition to controlling machine 
parameters such as advancing the stepper motors and homing the axes, g-code commands 
moved the nozzle to specific x and y locations, raised and lowered the piston, and 
coordinated the rotation of the dosing wheel. 
 Before generating the process planning steps, the layer thickness and the spacing 
between individual powder deposits were determined. The doped powder formed small 
mounds below the nozzle as it was dispensed by the dosing mechanism. Depicted in Figure 




virgin powder was added and the layer was spread. After spreading, each of the powder 
deposits occupied a volume defined by the spacing between them and the layer thickness 
known as a voxel. Ideally, the volume of the voxel would match the volume of the cavities 
in the dosing wheel which was 3.55 mm3. In practice, however, the voxel volume needed 
to be larger than the cavity volume to account for deposition inconsistencies and to ensure 
the doped powder did not extend above the layer surface after spreading. If the spacing or 
layer thickness were too small, a surplus of doped powder would develop at the surface 
and interfere with subsequent layers. Through empirical testing, it was determined that an 
x/y spacing of 1.81 mm and layer thickness of 2 mm gave the best results, corresponding 
to a voxel volume of 6.55 mm3. The dimensions of the voxel were important because they 
determined the minimum achievable resolution of the process in the three build axes. 
 
Figure 5.6 Side view representation of doped layer before (left) and after 
(right) spreading. Each mound of doped powder was deposited at 
spacing of 1.82 mm in the x and y directions, and the layer thickness 
was 2 mm 
 After determining the spacing of the powder deposits and the layer thickness, the 
process planning steps were created. The part geometry was divided into layers, and the 
cross section was further subdivided into an array of points that were spaced according to 
the x/y resolution. The coordinates were processed in Matlab and converted into the 
appropriate g-code commands. The resulting g-code file contained all necessary 
instructions for defining the geometry, and only the process of spreading the powder 
required manual intervention. During tests of the powder deposition mechanism, it was 




geometric definition, particularly at the edges of the part. The most consistent results were 
achieved when the part was doped from the interior outward in a spiral pattern. Figure 5.7 
shows the deposition points and nozzle paths for the square, triangular, and ring geometries 
along with the patterned results. Slight inconsistencies in the volume of powder deposited 
by the dosing mechanism were responsible for the observed deviations at the edges, but 
the overall coverage of the doped powder across the layer surface demonstrated the 
effectiveness of the selective doping and process planning strategies. 
 
Figure 5.7 Deposition points and paths (top) compared with patterned powder 
(bottom) for square, triangular, and ring geometries 
 The process planning procedure enabled the selective doping of arbitrary 
geometries provided they could be discretized into Cartesian points. After the files were 
prepared in Matlab, a laptop computer provided an interface with the prototype machine. 
An open-source software called ReplicatorG was used to interpret the g-code files and 
execute commands on the machine over a USB connection. The process planning steps in 




Modifications to the g-code file generation procedure to enable functional grading of the 
powder bed are presented in the next section.  
5.2.4 Functional Grading with Powder Deposition Machine 
 Functional grading of the powder bed in the deposition system was achieved by 
filling the powder hopper with mixtures of different graphite and nylon concentrations. The 
dopant concentrations were chosen based on the results of the computational design 
strategy that tuned the electrical conductivity throughout the part volume. The powder 
deposition system could not continuously vary the dopant and required discrete graphite 
concentrations. Four distinct levels of doping were considered for the functional grading 
experiments. The computational models were queried at each point that powder would be 
deposited in the samples, and one of four possible powder compositions was chosen based 
on the value of the tuned conductivity. 
 To enable functional grading of the dopant in the powder deposition machine, 
custom process planning instructions were written to generate the g-code that controlled 
the motion of the stepper motors. The functionally graded conductivities were separated 
into four groups corresponding to the four different powder mixtures used to define the 
doped geometry. The four powder mixtures contained 23%, 26%, 28%, and 35% graphite 
by weight, respectively. The part was divided into layers, and each point within the layer 
was assigned a value of 1 to 4 to represent the powder mixture to be deposited there. Figure 
5.8 shows the functionally graded layer files for the bottom and top layers for a square 





Figure 5.8 Functionally graded layer files for a square prism for the bottom 
(left) and top (right) layers. The colors in the image represent the 
powder mixture to be deposited in the (x,y) location, and the 
graphite content increases with increasing powder designation. 
 The layer files were converted to g-code instructions that featured pauses within 
each layer to change the powder composition in the hopper. After depositing dopant in 
each of the locations specified by the layer file for a given concentration, the nozzle moved 
above the overflow tray so the powder mixture could be changed. The previous mixture 
was removed by vacuuming the remaining powder from the hopper and dosing wheel. The 
hopper was then filled with the next powder mixture, and the dosing wheel rotated one 
revolution to prime the system before deposition. As with powder spreading, the process 
of changing the powder compositions was performed manually but could be automated in 
future iterations of the machine. 
5.2.5 Powder Deposition Limitations 
 The powder deposition system was a useful prototyping tool capable of selectively 
patterning dry nylon/graphite powders with the ability to discretely functionally grade the 
mixtures throughout the part geometry. However, there were several limitations in the 
system that would need to be addressed in future iterations of the machine design. The 




manufacturing processes. Selective laser sintering has an in-plane resolution and layer 
thickness of 0.5 mm and 0.1 mm, respectively, compared with the 1.81 mm in-plane 
resolution and 2 mm layer thickness of the powder deposition machine [126]. Further, the 
observed inconsistencies in the deposition volume had a negative effect on the edge 
definition and could be improved by using alternate methods to produce the components 
in the powder dosing mechanism. The machine also required manual intervention at regular 
intervals to spread the powder and change compositions, which could be automated in 
future versions. Concerning functional grading of the powder bed, the greatest limitation 
of the prototype system was that it supported only discrete concentrations of pre-mixed 
graphite/nylon powders. Future systems could incorporate a mixing stage above the nozzle 
to allow continuous grading of the dopant. Despite its limitations, the powder deposition 
machine was an improvement over using forms to pattern the doped powders. The next 
section introduces an alternate method in which an inkjet print head supplies the dopant to 
the powder bed. 
5.3 INKJET SYSTEM FOR PATTERNING DOPANT 
5.3.1 System Design 
 Instead of depositing dry powder mixtures to define the doped geometry, an 
alternate method would be to deliver the dopant to the nylon powder bed using an inkjet 
print head and electrically conductive ink. The system would resemble a typical binder 
jetting machine, but the binder would be replaced with an ink mixture that contains 
conductive particles. Collaborators at the University of Nottingham developed a 
laboratory-scale inkjet system with custom-formulated conductive inks to use in the RFAM 
process. The system featured a 38x38x40 mm build chamber with a 16 nozzle piezoelectric 
print cartridge. The resolution in the x/y plane was restricted by the spacing between the 




piezoelectric print heads, ink is guided through a small channel, and a pulse of electricity 
is applied to a piezoelectric transducer located inside the nozzle. The electric current causes 
the transducer to deform a diaphragm and eject small volumes of ink through the nozzle 
[127].  
 To create the electrically conductive inks, carbon nanoparticles were added to a 
solvent mixture. The three primary factors that govern the jetability of a particle-based ink 
are the viscosity, surface tension, and propensity to clog the nozzle from particulate buildup 
[128]. The challenge in developing a custom ink formulation for RFAM was determining 
the maximum carbon nanoparticle loading that could be achieved before the onset of 
clogging in the nozzles. Rheology measurements and test prints were conducted at the 
University of Nottingham to evaluate the performance of the inks. An ink composition of 
7.9% carbon nanoparticles, 87.4% dimethylformamide (DMF), and 4.7% 
polyvinylpyrrolidone (PVP) by weight was found to maximize the carbon loading while 
maintaining suitable jetting characteristics. The custom ink was used to print small 
geometries into a nylon powder bed, and RF heating experiments conducted on the samples 
are discussed in the next chapter.  
 The laboratory-scale printing equipment was useful for conducting initial RF 
heating tests on the particulate inks but was not capable of producing large parts. To scale 
up the process, further testing was required using the University of Nottingham’s 
commercial binder jetting machine manufactured by Integrity. The build chamber in the 
Integrity machine measured 100x175x40 mm, and the layer thicknesses could be set in 
increments of 10 µm. The machine used SG1024/MA print heads with 1024 nozzles 
arranged in 4 rows to achieve 600 DPI printing. In addition to the larger build volume over 
the laboratory-scale machine, the print heads in the Integrity system spanned the width of 




systems were capable of high-resolution dopant patterning compared with the powder 
delivery machine, but further testing was required to evaluate the RF heating effectiveness 
of the ink-doped mixtures.  
5.2.2 Build Chamber Design 
 The build chamber used in the powder deposition machine was matched to the 
desired electrode spacing during RF heating and required a new chamber to be constructed 
for each electrode configuration. A similar chamber design could be implemented in the 
inkjet patterning method, but the added machine functionality in the inkjet system offers 
alternate solutions for containing the doped powder bed. The Integrity machine at the 
University of Nottingham is equipped with dual print head capability such that two 
different ink mixtures can be printed simultaneously. The electrically conductive ink 
composes the first mixture, but a binder could be used in the second print head. As the 
powder layers are spread, the first print head defines the dopant geometry while the second 
print head creates the chamber geometry by binding the nylon around the part. The binder 
only defines the walls of the chamber and does not interact with the dopant. Upon 
completion, the powder bed contains a doped region surrounded by a binder-infused nylon 
box as shown in Figure 5.9.  
 
Figure 5.9 Proposed build chamber design for the inkjet system where the 
chamber is divided into three regions containing nylon and carbon 





 The filled chamber can be removed from the larger inkjet system powder bed and 
placed in the RF applicator for heating. Building the chamber geometry simultaneously 
with the part geometry eliminates the need to create a new build chamber for each electrode 
configuration as was the case in the powder deposition machine. It also enables printing 
different chamber dimensions without modifying the overall architecture of the inkjet 
system between builds.  
5.3.3 Functional Grading 
 Two methods are proposed to incorporate functional grading capability into the 
inkjet patterning system. In the first method, the concentration of dopant could be varied 
by performing multiple passes of the print head over the powder bed such that the number 
of droplets deposited to each pixel in the x/y plane are varied. For example, if eight ink 
droplets are required in one location and five in another, the print head would pass over the 
powder bed eight times before advancing to the next layer. An ink droplet would be placed 
in the first location during each of the eight passes, while the second location would receive 
an ink droplet for only five passes. A similar solution to achieve the same desired effect 
would be to slow the motion of the print head to jet multiple droplets in a given location 
before advancing. In either case, the dopant concentration could be functionally graded at 
the same resolution as the inkjet print head, which is determined by nozzle spacing.  
 Another method would be adjusting the resolution of the printed pattern to achieve 
different levels of grading. Instead of varying the dopant concentration at each pixel across 
the powder bed, the dopant could be graded in clusters of pixels. Within a pixel cluster, 
different dopant levels could be achieved by selectively turning certain pixels “on” or “off” 
based on the desired concentration. In this method, a 4x4 grid of pixels would have 17 
possible states that could be graded by printing different patterns within the grid. Figure 




intermediate levels could also be achieved. The disadvantage of using this method to adjust 
the dopant concentration is the reduction in resolution associated with considering pixel 
clusters. The in-plane resolution for a nozzle with 25 µm spacing would be reduced to 100 
µm if a 4x4 pixel grid is used.  
 
Figure 5.10 Possible patterns for doping a 4x4 grid of pixels to different 
concentrations 
 The inkjet dopant delivery system offers promising advantages over the powder 
deposition machine. Inkjet printing is a well-established technology capable of patterning 
ink droplets at high resolutions and accuracy. In the radio frequency additive 
manufacturing process, inkjet printing could enable high speed dopant delivery in addition 
to functional grading throughout the powder bed.  
5.4 CLOSURE 
 In this chapter, two methods for patterning the dopant in a radio frequency additive 
manufacturing process were presented. In the first method, pre-mixed graphite and nylon 
blends were distributed to the powder bed using a dosing mechanism to deposit discrete 
volumes of doped powder at specified coordinates. A prototype system was developed to 
enable the powder deposition and featured a removable build chamber that could be 
transferred to the RF heating apparatus. Functional grading of the dry powders was 
achieved by modifying the process planning software to incorporate pauses during printing 
to change the powder composition based on input from the computational models. The 
second system used an inkjet print head to supply dopant to the powder bed in the form of 




developed the ink formulations and experimental system for testing the RF heating 
characteristics of the ink-doped powder beds. Two strategies for functionally grading the 
dopant in the powder bed were also proposed for the inkjet system. The focus of this 
chapter was to introduce potential approaches for pattering the dopant in an RFAM system 
and highlight the design features of a prototype machine. The next chapter explores the 
capabilities of the powder delivery system and presents initial results on the effectiveness 





Chapter 6: RFAM Capabilities and Design Guidance 
 Previous chapters established the need for functionally grading the dopant in the 
RFAM process and proposed two methods for pattering the dopant to allow spatial 
variation. In this chapter, the effects of functional grading and two-stage RF heating are 
explored using the powder deposition machine described in the previous chapter. Initial RF 
heating experiments are conducted to test the feasibility of an inkjet dopant delivery system 
developed in collaboration with the University of Nottingham. The chapter concludes by 
offering design guidance for the RFAM process by identifying parts and features that are 
well-suited for RFAM as well as design choices that should be avoided.  
6.1 RF HEATING EXPERIMENTS AND GEOMETRIC IMPROVEMENT 
6.1.1 RF-Sintered Parts and Functional Grading Experiments 
 The powder deposition machine was used to validate the functional grading efforts 
described in Chapter 4. The experiments were carried out for three geometries: a 4x4x1 cm 
square prism, an equilateral triangular prism with a side length of 4 cm and thickness of 1 
cm, and a thin ring with an outer diameter of 4 cm, inner diameter of 2 cm, and thickness 
of 1 cm. Geometries with functionally graded doping were created by dividing the tuned 
electrical conductivities into four categories and selectively doping the powder bed 
according to the model results. Geometries with a uniform doping were printed along with 
the functionally graded parts to evaluate the effectiveness of the tuning process on 
improving the sintered geometry.  
 The fused geometries for uniform and functionally graded dopant concentrations 
are shown in Figure 6.1 for the square prism, triangular prism, and thin ring along with the 
RF exposure times used in the experiments. The functionally graded parts were exposed 
for longer durations because the tuning process necessarily reduced the total graphite 




Uniform Dopant Functionally Graded Dopant 
  
t = 2:45 t = 3:30 
  
  
t = 2:30 t = 3:45 
  
t = 2:00 t = 4:30 
Figure 6.1 Comparison between uniformly doped samples and functionally 
graded samples with corresponding RF exposure times in minutes 
 The effects of functional grading were subtle, but were most evident in the 
reduction in curvature on the top and bottom faces of the fused parts. The most significant 
improvement in the geometry between the uniform and functionally graded dopant was 




After functionally grading the dopant, however, greater fusion was achieved to consolidate 
the part into a single unit. The surface temperature profiles also indicated improvements in 
the functionally graded parts. Figure 6.2 shows the surface temperatures for the uniform 
and functionally graded square prism. Local hot regions predominantly along the sides of 
the uniformly doped part were less pronounced, and the temperatures were more uniform 
when the dopant was functionally graded. Despite the demonstrated improvements, the 
functional grading experiments were limited in the sense that only four dopant 
concentrations were used. The effects of functional grading could be amplified through 
continuous tuning of the powder bed. Although the differences between the tuned and 
uniformly doped parts were minor, the results served to validate the functional grading 
process as a means to improve the geometry of the sintered parts. 
 
Figure 6.2 Surface temperature for square prism captured at the end of the 
heating stage for a uniform dopant distribution (left) and 
functionally graded dopant (right) 
 The powder deposition machine was then used to test whether rotating the powder 
bed during the RF exposure could improve the part geometry without functionally grading 
the dopant. It was not feasible to continuously rotate the powder bed in the existing RF 
heating system, but the square build chamber could be rotated 90 degrees to apply the 
electric field in two orthogonal directions during heating. The build chamber was placed 




and heated again in the new configuration. To test the effectiveness of the two-stage heating 
process, two geometries were selected. The first was the thin ring used in the functional 
grading experiments, and the second was a longhorn head. The thin ring was selected 
because the single-stage heating experiments revealed significant temperature rise along 
the sides of the ring with little heating in the top and bottom. By rotating the powder bed 
in a two-stage process, the heat could be distributed more evenly throughout the ring. The 
longhorn head was chosen due to the added geometric complexity and comparatively large 
aspect ratio.  
 The thin ring was heated for one minute in each electrode orientation. The fused 
geometry removed from the powder bed is shown in Figure 6.3. Compared to the single-
stage heating and functionally graded results in Figure 6.1, the fused part produced after 
the two-stage heating process was the closest match to the intended geometry.  
 
Top/Bottom: t = 1:00 
Left/Right: t = 1:00 
Figure 6.3 Fused ring geometry after two-stage heating where the powder bed 
was heated for one minute in each electrode configuration. 
Top/Bottom and Left/Right refer to the position of the electrodes 
with respect to the image. 
 To demonstrate the effect of using multiple electrode configurations to heat the 
longhorn head geometry, the sample was first heated in each orientation separately. Figure 
6.4 shows the fused mass removed from the powder bed after each of the experiments. In 
the first test, the electrodes were positioned on the left and right with respect to the image. 




prevented heat generation within the head region. In the second experiment, the electrodes 
were placed on the top and bottom with respect to the image, and the heat was concentrated 
in the head region with little development in the horns. In the combined case, however, the 
longhorn head was first heated in the left/right configuration for 30 seconds and rotated to 
the top/bottom configuration for 2 minutes of RF exposure. After the two-stage process, 
the main features of the longhorn were present in the final fused part. Each of the three 
experiments produced parts that were similar to the COMSOL®-predicted geometries 
described in Chapter 4. 
   
Left/Right: t = 1:15 Top/Bottom: t = 3:30 Left/Right:   t = 0:30 
    Top/Bottom: t = 2:00 
Figure 6.4 Fused parts from uniform dopant concentration after heating in 
multiple electrode configurations with corresponding RF exposure 
times in minutes. Top/Bottom and Left/Right refer to the position of 
the electrodes with respect to the image. 
 The computational models suggested the heating uniformity and fused geometry 
could be improved further by combining the effects of functional grading with the two-
stage heating process. To demonstrate the combined effect, a square diamond geometry 
was chosen where the corners of the diamond pointed towards the electrodes in both 
configurations. This geometry was a suitable candidate for showing the combined effect 
because the orientation of the corners relative to the electrodes provided adverse conditions 
for heating uniformity that could not be mitigated through functional grading or powder 
bed rotation alone. The models indicated a reduction in the uniformity index from 0.161 
for a single electrode configuration and uniform dopant distribution to 0.074 when the 




RF heating experiments for the diamond geometry followed the same procedure presented 
in Chapter 4 where the part was heated using a single electrode orientation with a uniform 
dopant distribution and functionally graded dopant. Then, the part was heated in a two-
stage process in which the powder bed was rotated for the uniformly doped case and 
functionally graded case. The fused parts removed from the powder beds after the four 
experiments and the RF exposure times are shown in Figure 6.5. The COMSOL® models 
predicted an improvement in heating uniformity across each of the experiments which was 
confirmed by the relative geometry improvements in the fused parts. Matching the 
simulations, the experiments for the single-stage, uniform dopant produced the part with 
the greatest deviation in the intended geometry. Fusion was limited to the center section of 
the diamond with little heat generation in the sides. Even with functional grading, single-
stage heating was unable to completely fuse the sides of the geometry. The results were 
improved when heating in two stages, but it was only by combining the effects of two-






Uniform Dopant Functionally Graded Dopant 
  
t = 3:00 t = 3:00 
Two-Stage Two-Stage 
Uniform Dopant Functionally Graded Dopant 
  
Orientation 1: t = 2:30 Orientation 1: t = 2:30 
Orientation 2: t = 2:30 Orientation 2: t = 2:30 
Figure 6.5 Fused parts from square diamond geometry heated in four 
configurations with RF exposure times in minutes. a) Single 
electrode orientation with uniform dopant. b) Single electrode 
orientation with functionally graded dopant. c) Two electrode 
orientations with uniform dopant. d) Two electrode orientations 
with functionally graded dopant. 
 The experimental parts were also consistent with the COMSOL® predicted 
geometries presented in Chapter 4. The simulated geometries were compared with the RF-
sintered parts by collecting measurements of the primary axes. The measurement results 
are provided in Table 6.1 where l1 and l2 correspond to the longitudinal and lateral 
dimensions of the diamond, respectively. From the measurements, the COMSOL® 
predicted geometries closely matched the fused parts with the exception of the longitudinal 
(l1) dimensions in the two-stage experiments where the fused geometry exceeded the 




represented the liquid phase volume at the end of the simulation, and regions that had 
transitioned from liquid back to solid due to cooling in the second heating stage were not 
displayed. Despite the discrepancies, the models still provided a reasonable estimation of 
the final part geometry, and the functional grading process was further validated by the 
experiments. 
Table 6.1 Measurement comparisons between geometry predictions in 
COMSOL® and experimentally-fused parts. 


































 Applying the RF energy in a two-stage mechanism reduced the functional grading 
requirements. This can be seen by aggregating the functionally graded conductivity values 
across the part domains in the one- and two-stage simulations and displaying the results as 
histograms. The functionally graded conductivities for the two heating strategies are shown 
in Figure 6.6. In both cases, a majority of the points were tuned to the maximum 
conductivity level (0.0425 S/m) corresponding to the regions with low temperature rise 
where the heuristic tuning procedure attempted to increase the temperature by raising the 
conductivity. However, the histogram of the two-stage graded conductivities shows fewer 
points at the maximum value and a greater spread among the lower levels. The difference 
between the histograms suggests the two-stage tuning process provided a more even 




demonstrated that the functional grading effort can be reduced and the part geometry 
improved by combining a two-stage heating process with functional grading of the dopant.   
 
Figure 6.6 Histograms comparing the aggregated, functionally graded 
conductivity values across the part domains for the one-stage (left) 
and two-stage (right) heating strategies 
 In each of the preceding tests, the powder deposition machine was used to print 
prismatic geometries to validate the computational models and demonstrate the 
effectiveness of implementing a two-stage heating process. However, the system was not 
limited to simple structures and was capable of pattering the dopant into fully three 
dimensional shapes. To demonstrate the capabilities of the machine, a lattice-like geometry 
consisting of two thin rings connected by vertical struts was patterned in the powder bed. 
The doped geometry as it was positioned in the powder bed is shown in Figure 6.7.  
 
Figure 6.7 Three dimensional strut geometry as positioned in the powder bed 




 Using a mixture containing 35% graphite by weight, the geometry of the ring lattice 
structure was patterned with the powder deposition machine. In the previous thin ring 
experiments, the best results were obtained by heating the powder bed in two stages without 
functional grading. For this reason, the two-stage method was chosen to heat the ring 
lattice. Figure 6.8 shows two examples of parts created from the heating experiments on 
the three dimensional geometry. In the first sample, the upper annulus did not fully form, 
but there were clearly defined spaces between the struts. Both rings were completely 
formed in the second sample, but there was significant oversintering in the virgin powder 
between the struts. The two parts were created under nominally identical processing 
conditions, but variations in the amount of dopant deposited and errors induced from 
manually spreading the powder layers revealed the limitations of the existing system. The 
inconsistencies in the results could be improved through greater process control in the 
dopant patterning system, however, the experiments demonstrated the ability to create three 
dimensional parts using the RFAM process. 
  
Orientation 1: 2:00 Orientation 1: 2:00 
Orientation 2: 1:30 Orientation 2: 1:15 
Figure 6.8 Fused part removed from powder bed after two-stage heating of the 
thin ring lattice structure. 
6.1.2 RF Experiments on Inkjet-Printed Samples 
 As described in Chapter 5, the resolution of the RFAM process could be improved 
by pattering the dopant using an inkjet printing system and carbon nanoparticle ink. The 
RF heating characteristics of the inkjet-printed parts were expected to differ from the dry 




considerably smaller than the graphite powders used in the previous experiments. To 
establish the feasibility of an inkjet dopant patterning system for RFAM, heating 
experiments were conducted on inkjet-printed samples.  
 Collaborators at the University of Nottingham aided in the printing of carbon-doped 
nylon samples that were shipped to the University of Texas for testing in the RF chamber. 
The initial experiments consisted of testing 20x20x3 mm square samples. The samples 
were created using a custom ink formulation developed at the University of Nottingham 
and printed on a laboratory-scale inkjet printer. The samples were printed with varying ink 
volumes and had an estimated carbon loading between 5% and 25% by weight.  
 The RF heating effectiveness was evaluated by measuring the surface temperature 
of the samples with a FLIR infrared camera as they were tested in the experimental RF 
chamber at the University of Texas. The RF experiments measured the total temperature 
rise on the visible top surface of samples with varying dopant concentrations. The dopant 
concentration was adjusted by printing different numbers of ink droplets at each pixel in 
the part. The carbon concentration within the part was estimated from the volume fraction 
of carbon in the ink mixture, the volume of ink deposited at each pixel, and the droplet 
spacing.   
 The temperature rise as a function of carbon content after 10 minutes of RF 
exposure is shown in Figure 6.9. Although there was significant variation in the 
measurements, the data could be separated into three regions. The first region showed 
almost no heating for concentrations below 10% carbon by weight followed by a period of 
rapid increase in temperature rise. In the second region, the temperature rise reached a 
maximum value at approximately 20% carbon by weight before beginning to decline. 
Lastly, the third region exhibited a steep drop-off in temperature rise as the dopant 




followed a similar trend as the dry graphite/nylon powder mixtures, but at lower dopant 
concentrations. The smaller particle diameter of the carbon nanoparticles in the ink 
compared with the micron-sized graphite powders lowered the percolation threshold in the 
nylon composites. The results of the heating experiments can be used to map the electrical 
conductivity values in the computational models to the required carbon concentration and 
printing parameters.  
 
Figure 6.9 Temperature rise as a function of carbon content for inkjet-printed 
samples after 10 minutes of RF exposure 
 Powder fusion was also demonstrated using the laboratory-scale inkjet system by 
printing a 20x20x10 mm sample with a carbon concentration of 17% by weight. The 
sample was heated for 10 minutes in the RF generator. After cooling, a fused mass was 
removed from the sample. The fused part, shown in Figure 6.10, measured 16x12x4 mm 
and represented a significant milestone in the development of the new additive 





Figure 6.10 Fused part from laboratory-scale inkjet printer, showing the printed 
part (left) and fused part after RF exposure (right). The printed 
dimensions of the part were 20x20x10 mm, and the final dimensions 
were 16x12x4 mm. 
 The laboratory-scale printing equipment was not capable of producing large parts. 
To scale up the process, further testing was required using the University of Nottingham’s 
commercial binder jetting machine manufactured by Integrity. Limitations on the 
commercial machine meant printing the custom ink with high carbon loading was not 
possible due to particle agglomeration and nozzle clogging concerns. Commercial carbon 
inks were purchased through Nazdar with the product name “3D Black Fluid.” The 
composition of the solvent and concentration of carbon within the ink were unknown, 
requiring the heating effectiveness experiments to be replicated with the commercial ink. 
To test the heating effectiveness of the commercial ink, mixtures of ink and nylon 12 were 
prepared and heated in the RF chamber. 
 The experiments consisted of mixing the ink into virgin nylon 12 powder in 
concentrations varying between 6% and 50% ink by weight. The mixtures were placed in 
a powder bed and exposed to RF radiation. Surprisingly, none of the mixtures produced a 
noticeable temperature rise during the experiments. Even testing the ink alone did not show 
any heat generation from the RF radiation. The ink was then added to a mixture of graphite 
and nylon powder containing 30% graphite by weight. RF heating experiments on the dry 




reduced when the carbon ink was added. It was clear from the heating experiments that one 
of the materials used in the solvent was acting as an inhibitor to the sintering process either 
through physical separation of the particles or by reducing the electron motion in the 
mixtures. The heating experiments were then repeated after drying the nylon/ink mixtures 
overnight in an oven set to 140°C in an attempt to evaporate some of the solvent. The 
average surface temperature of the dried samples after 10 minutes of RF exposure is shown 
in Figure 6.11. The mixture containing 40% ink by weight produced the greatest 
temperature rise followed by a sharp decline. For concentrations above 50%, the mixtures 
did not produce any measurable rise in surface temperature. It is unclear whether the 
reduction in heating at higher concentrations was caused by the same factors as in the dry 
graphite powder mixtures or from residual solvent that had not fully evaporated during the 
drying process.  
 
Figure 6.11 Temperature rise as a function of ink concentration after drying in 




 The ink experiments showed that it was possible to heat mixtures containing the 
commercial ink and nylon powder, but the solvent needed to be evaporated for heating to 
occur. In the case of the commercial inkjet system, an infrared heat lamp can be used on 
each powder layer to remove the solvent before depositing the following layer. Further 
testing is required to develop an inkjet-based radio frequency additive manufacturing 
machine, but the initial results demonstrated the feasibility of heating and fusion with such 
a system. 
6.2 DESIGN CONSIDERATIONS FOR RFAM 
 Several factors should be considered when designing parts for the RFAM process. 
Part quality can be affected by attributes of the RF generator and applicator as well as the 
functional grading scheme. The powder deposition machine was used to show how 
different geometries have different RF heating characteristics. Although the geometric 
effects were mitigated through functional grading and rotating the powder bed, part design 
played a critical role in the resolution of the RFAM parts. The focus of this section is to 
offer design guidance for RFAM by considering the effect of various process parameters 
on part quality and providing an overview of features that are well-suited to the process as 
well as features that should be avoided. Table 6.2 provides a summary of the guidelines 
with images depicting unfavorable and favorable design choices. The guidelines are 
intended to improve the likelihood of success when creating RFAM parts. 
6.2.1 Effect of Process Parameters on Heating Uniformity 
 The process parameters used in RFAM can affect the quality of the sintered parts. 
Functional grading has been shown to be a necessary component in creating complex 
geometries, and so this section investigates the effect of three different process parameters 
on the heating uniformity of functionally graded powders. The three parameters are the 




COMSOL® was used to determine the impact of each factor on the uniformity index, and 
the heating simulations were conducted for a 4x4x1 cm square prism.  
6.2.1.1 Number of Dopant Gradations 
 The powder deposition machine used to create the functionally graded parts 
required the powders to be pre-mixed into distinct graphite concentrations. In applying the 
heuristic tuning method to functionally grade the powder bed, the electrical conductivity 
was continuously adjusted. The continuous results were then separated into a pre-
determined number of levels corresponding to the pre-mixed powder concentrations. The 
effect of varying the number of dopant concentrations on the heating uniformity was 
investigated using the COMSOL® models. Figure 6.12 shows the tuned electrical 
conductivity divided into 1, 2, 4, 8, and 16 levels as well as the continuously tuned case.  
 
Figure 6.12 Tuned electrical conductivity divided into 1, 2, 4, 8, and 16 levels as 
well as the continuously tuned conductivity for the 4x4x1 cm square 
prism 
 The electrical conductivity of the doped region was defined in the COMSOL® 
models according to the different levels, and the uniformity index was evaluated after 120 
seconds of simulated RF exposure with a prescribed electrode voltage of ±1,200 Vrms 




of the number of dopant levels is given in Figure 6.13. The simulation results showed little 
change in the heating uniformity between one and two dopant levels followed by steady 
improvements in the heating uniformity as the number of levels was increased. The 
uniformity index was reduced from 0.14 in the uniform case to 0.08 when the conductivity 
was divided into 16 levels. The uniformity index could be decreased further to 0.07 by 
continuously tuning the powder bed.  
 
Figure 6.13 Uniformity index as a function of the number of dopant levels used 
to functionally grade the powder bed.   
 Figure 6.13 shows the largest improvement in uniformity index between two and 
four levels followed by a gradual reduction as the number of levels increases. Therefore, 
the decision to use four levels of dopant in the RF heating experiments to functionally grade 
the powder bed was sufficient in demonstrating the potential improvements from grading. 
In the current system for patterning the dopant, greater effort is required to functionally 




changing or mixing the dopant at the nozzle to enable continuous grading could improve 
the part quality in future machine iterations.  
 The heating uniformity improvements as a function of dopant gradation can also be 
seen in the temperature distributions in Figure 6.14. As the number of dopant levels 
increases, the temperature profiles at the center cross section of the prism become more 
uniform. 
 
Figure 6.14 Simulated temperature distributions in COMSOL®, taken 5 mm 
from the top and bottom faces for each of the grading levels 
6.2.1.2 Electrode Spacing 
 The electric field strength directly impacts the power loss in RF heating 
applications and influences the effectiveness of the heuristic tuning method. The magnitude 
of the applied electric field is defined as the voltage difference across the electrodes divided 
by the spacing between them. Two approaches for changing the electric field strength were 
considered. The distance between the electrodes and the applied voltage were adjusted to 




 In creating parts for RFAM, the electrode spacing is determined by the size of the 
powder bed. The COMSOL® models were used to investigate the effect of increasing the 
electrode spacing on the uniformity index in the functionally graded parts. The simulations 
were conducted for a 4x4x1 cm prism, and the functional grading was carried out according 
to the heuristic tuning procedure outlined in Chapter 4. The electrode spacing (d) was 
defined as the distance between the edge of the part and the electrodes when the part was 
placed in the center of the applicator. The results are given in Figure 6.15, where increasing 
the electrode spacing was shown to cause an increase in the uniformity index. Therefore, 
better heating uniformity can be achieved by reducing the electrode spacing as much as 
possible because it produces a larger electric field strength for a given electrode voltage. 
 
 
Figure 6.15 Heating uniformity as a function of electrode spacing, d, defined as 
the distance between the edge of the part and the electrode 
6.2.1.3 Electrode Voltage 
 In addition to the electrode spacing, the electric field strength can be adjusted by 
changing the voltage supplied to the electrodes. The electrode voltage is limited by the 




upgrading the system. To study the effect of electrode voltage on heating uniformity, 
simulations were conducted for a 4x4x1 cm prism. Similar to the electrode spacing 
simulations, the heuristic tuning procedure outlined in Chapter 4 was used to functionally 
grade the electrical conductivity. Shown in Figure 6.16, increasing the electrode voltage in 
the heating simulations greatly reduced the uniformity index value after applying the 
heuristic tuning process. The initial temperatures at higher voltages greatly exceeded the 
target temperature for tuning, and thus there appeared to be a slight increase in the 
uniformity index for electrode voltages above 2,000 Vrms (Erms = 641 V/cm). The 
uniformity index could be lowered at the higher voltages by exposing the powder bed to 
RF radiation for a shorter duration, but a constant exposure time of 250 seconds was chosen 
for the comparisons. As the electrode voltage was increased, the applied electric field 
strength also increased. Similar to the electrode spacing tests, the increased electric field 
strength improved the effectiveness of the functional grading procedure. In the RF heating 
experiments, the electrode voltage varied between 1,000 Vrms and 1,200 Vrms when the 560 
W generator was used to supply the voltage with estimated E-field strengths varying 
between 321 and 385 V/cm. The results suggest that larger RF heating systems would be 






Figure 6.16 Uniformity index as a function of electrode voltage 
 Either by reducing the electrode spacing or increasing the voltage, the strength of 
the applied electric field positively impacted the functionally graded heating uniformity. In 
RF heating applications, however, arcing can occur if the electric field becomes too large. 
When the electric field exceeds 10 kV/cm, the air inside the applicator can begin to ionize 
and break down resulting in unsafe processing conditions [31]. Therefore, it is important 
for designers to understand the tradeoff between increasing the electric field strength to 
achieve better geometric resolution and the possibility of arcing when determining the 
process parameters for RFAM parts. It should also be mentioned that the size of the part 
can affect the strength of the electric field. Using the spacing convention defined in Figure 
6.15 and a constant electrode voltage, increasing the part dimensions causes a reduction in 
the electric field strength because the distance between the electrodes increases with the 
part size. Therefore, higher voltages are required to sustain the same electric field strengths 
in larger parts. 
 The number of gradations used in functionally grading the powder bed, the 




that can impact the heating uniformity in RFAM parts. Each of the parameters can be 
controlled to some extent and should be considered during the design stage for the best 
results. In general, the greatest RF heating uniformity is achieved by continuously grading 
the dopant, reducing the electrode spacing, and increasing the voltage. However, practical 
limitations on the electric field strength must also be considered to ensure the safe operation 
of an RFAM system. 
6.2.2 RFAM Design Guidance 
 The part geometry can significantly affect the resolution of features in the radio 
frequency additive manufacturing process. Although there is a complex relationship 
between the geometry and heating uniformity, several insights can be drawn from the RF 
sintering experiments. This section aims at identifying features that are well-suited for the 
RFAM process as well as features that should be avoided. Considering the RFAM 
capabilities and limitations during the part design stage can improve the chances of success 
and offer opportunities for future improvement of the process. The decision to use a 
uniform dopant concentration, functionally grade the dopant, rotate the powder bed, or 
combine functional grading with a rotating powder bed may change based on the geometry 
of the part. Features that are well-suited for each processing method can be identified from 
the simulation results and RF heating experiments. The guidelines are summarized in Table 
6.2. 
6.2.2.1 Uniform Dopant Concentration 
 The geometries that can be processed with a uniform dopant distribution and single 
electrode configuration are limited to those that are spherical or nearly spherical. The 
uniform electric field developed within spheres subjected to RF radiation causes heating 
within them to be uniform, but any deviation from a perfect sphere gives rise to 




spherical in shape, it may be possible to use a uniform dopant concentration to manufacture 
it with RFAM. The heating uniformity can be improved by rounding sharp corners as 
depicted in Figure 6.17 for a triangular prism with a side length of 40 mm. According to 
simulations conducted in COMSOL®, the uniformity index can be improved from 0.262 
to 0.197 by applying a 5 mm radius to the corners of the triangular prism. While the use of 
fillets to round corners can improve the heating uniformity, the best results are achieved 
by functionally grading the powder bed. The simulations described in Chapter 4 suggest 
the uniformity index for the triangular prism can be reduced even further to 0.094 through 
functional grading. 
  
t = 200 s t = 200 s 
UI = 0.262 UI = 0.197 
Figure 6.17 Simulated geometry and uniformity index for triangle with filleted 
corners 
6.2.2.2 Functionally Graded Dopant 
 Functional grading of the powder bed is required when the part geometry differs 
substantially from spherical or includes flat faces and corners. Functional grading is most 
effective when the primary features are aligned with the applied electric field. In the case 
of the square diamond with a single electrode orientation, for example, fusion did not occur 
along the sides because the electric field was concentrated in the center of the part. Corners, 
faces, and edges cause field concentrations within the part, but functional grading of the 




6.2.2.3 Rotating Powder Bed 
 Some geometries can be produced with a uniform dopant concentration by rotating 
the powder bed during heating. Parts that have multiple planes of symmetry such as cubes, 
cylinders, and rings are particularly suited for this method where functional grading of the 
powder bed is not required. While symmetric parts are good candidates for powder bed 
rotation, sharp corners aligned in the direction of the electric field can still cause adverse 
heating characteristics and should be avoided. Although the square diamond was 
symmetric about the two powder bed orientations, the corners caused field concentrations 
and non-uniform heating within the part resulting in unintended geometric anomalies. In 
the RF heating experiments, only two powder bed orientations were considered, but 
continuous rotation could expand the achievable geometries. 
6.2.2.4 Functionally Graded Dopant with Rotating Powder Bed 
 The RF heating experiments showed that the best geometric results can be obtained 
by combining the effects of functional grading with rotating the powder bed. If discrete 
powder bed orientations are used, parts with multiple planes of symmetry have the greatest 
likelihood of resolving successfully. However, functionally grading the powder bed can 
alleviate the electric field concentrations and enable fabrication of parts with flat faces and 
sharp corners. Continuous rotation of the powder bed could potentially offer additional 
geometric improvements, but simulating the rotating powder bed in the functional grading 
process would add computational expense. 
6.2.2.5 Features to Avoid in RFAM 
 Based on the results of the RF heating experiments, some features have been 
identified as unsuitable for the RFAM process in the current stage of development. Parts 
that have a combination of concave and convex features may have poor resolution after RF 




resolved, but the region around the ears of the longhorn were missing entirely. The convex 
shape of the ears met the head in a sharp concave corner, and the region did not generate 
heat in either orientation in the RF experiments. Additional features that should be avoided 
are thin members that are not aligned with the electric field. In the ring lattice geometry, 
the thin struts connecting the two rings had much poorer resolution than the rest of the 
structure because the electric field was oriented perpendicular to the struts. For the best 
resolution, thin members should be aligned with the electric field. This could also be seen 
in the longhorn head experiments where fusion in the horns region was only possible when 
they were oriented in the same direction as the electric field. Among the part design 
considerations for RFAM, the orientation of features with respect to the electric field is 
perhaps the greatest predictor of part resolution. Designers creating parts for RFAM should 





Table 6.2 RFAM design guidelines with electrodes marked in purple.  
Unfavorable Favorable Description 
                            
 Heating can be improved by 
increasing the power supplied and 
thus the electrode voltage 
 Note: Large voltages can cause 




 Reducing the electrode spacing, d, 
can improve heating by increasing 
the electric field strength 
 Note: Arcing can occur when the 
spacing too small, and caution 
should be exercised 
  
 Non-spherical parts are subject to 
heating uniformity issues 
 Consider functionally grading the 




 A single electrode orientation can 
lead to insufficient heating in certain 
regions 
 Use multiple electrode orientations 
for parts that are symmetric about 
multiple axes 
  
 Thin members oriented 
perpendicular to the electric field 
are less likely to resolve 
 Thin members should be aligned 
parallel to the applied electric field 
  
 Sharp corners can cause local 
temperature concentrations and 
should be avoided when possible 
 Heating can be improved by adding 





 Using the powder deposition machine to pattern the dopant, the model results for 
functionally grading the powder bed were validated for several geometries. Functional 
grading was shown to improve the sintered geometry compared with a uniform dopant 
distribution, but the differences were subtle. The thin ring geometry demonstrated the 
clearest improvement by functional grading where the uniform dopant produced two 
separate parts that were joined into a single unit after functional grading. Rotating the 
powder bed was also shown to substantially improve the geometric resolution for the thin 
ring and longhorn head geometries. Combining the effects of functional grading with 
rotating the powder bed gave the best resolution for a diamond geometry and lessened the 
amount of grading that was required.  
 The results of the computational models and RF-sintering experiments were used 
to classify features that are well-suited for RFAM and inform design guidelines for the 
process. The effects of the functional grading scheme, electrode spacing, and electrode 
voltage influenced the heating uniformity in the simulations, and designers should 
therefore consider the process parameters when designing parts for RFAM. The part 
geometry also affected the heating uniformity, and various features were identified as 
suitable for each of the processing methods. In general, the orientation of features with 
respect to the applied electric field was the most important criterion for successful 
resolution. Future work in the development of radio frequency additive manufacturing will 
be focused on improving the resolution of the process by patterning the dopant with an 
inkjet printer. Successful initial results showed the feasibility of inkjet patterning, but 






Chapter 7: Conclusion 
 The benefits of additive manufacturing are realized in the geometric complexity 
and design flexibility that can be achieved without requiring additional tooling. Polymer 
powder bed fusion processes offer additional utility by eliminating the need for support 
structures, but the layer-wise application of heat induces anisotropic mechanical properties 
and extends the production time for executing builds. The primary goal of this work is to 
introduce and develop a novel powder bed fusion method that achieves volumetric fusion 
of the polymer by means of RF radiation. The radio frequency additive manufacturing 
process is developed to improve the process speed and mechanical properties of polymer 
PBF by replacing the layer-wise heating strategies implemented in existing processes with 
a single stage, RF-assisted heating mechanism. This chapter describes the development of 
the RFAM process, summarizes the scientific contributions from this work, and explores 
avenues for future research. 
7.1 SUMMARY OF WORK 
 The work was motivated by explaining the fundamentals of RF heating and 
exploring its various applications throughout history. RF radiation was selected for this 
project because it has the advantage of large penetration depths and greater heating 
uniformity versus higher frequencies such as microwave and infrared. Historically, RF 
heating has been used in the medical industry for tissue heating as well as in the food 
industry for thawing, drying, and disinfecting. Previous research demonstrated that the 
electrical properties of insulating polymers can be enhanced through the addition of 
conductive dopants. RF heating was used to assist the curing of electrically conductive 
silicone composites, but volumetric fusion of a doped polymer using RF radiation as the 




identified as two candidate materials for the polymer and dopant, respectively, for a 
volumetric radio frequency additive manufacturing process. 
 Next, electrical property measurements and RF heating experiments were 
conducted on mixtures of nylon 12 and graphite to assess the feasibility of RFAM. Using 
an impedance analyzer to measure the complex permittivity for various graphite 
concentrations, the primary loss mechanism was determined to be through electrical 
conduction as opposed to polarization. The effective conductivity of the mixtures increased 
with graphite content, and the percolation threshold of the mixtures was found to occur at 
graphite concentrations of approximately 30% by weight. The dielectric constant also 
exhibited an increasing trend with graphite content, and the tradeoff between charge 
storage and dissipation was observed as a peak in the loss tangent at 35% graphite by 
weight. RF heating experiments on the doped nylon mixtures followed a similar trend, such 
that maximum heating was observed in the mixture containing 32.5% graphite by weight. 
The experimental apparatus consisted of a parallel plate electrode applicator that contained 
the doped powder bed and an RF generator that supplied energy to the electrodes at a 
frequency of 27.12 MHz.  
 Upon determining the ideal graphite concentrations for RF heating, additional 
experiments were conducted to demonstrate fusion of the polymer using different 
geometries to define the doped portion of the powder bed. Thin forms with square, circular, 
and rectangular cross sections separated the doped powder from the surrounding virgin 
powder in the experiments. The powder beds were heated until the surface temperature 
exceeded the melting temperature of the nylon as measured by an infrared camera trained 
on the powder surface. The feasibility of RFAM was established by the fused parts that 
were removed from the powder beds after the experiments. However, non-uniform heating 




the fused parts. Mechanical property tests conducted on the RF-sintered samples showed a 
reduction in the tensile strength and ductility compared with laser sintered nylon 12. One 
possible source of the poorer mechanical properties could have been the formation of 
spherical voids within the parts due to gas desorption from the graphite particles during 
heating. 
 To mitigate the adverse geometric effects on heating uniformity, computational 
models were developed in COMSOL Multiphysics® to predict the temperature rise during 
the RF heating experiments. Incorporating the required thermal properties for phase change 
into the simulations enabled an approximate prediction of the final part geometry. 
Facilitated by the FEA models, two solutions were proposed to improve the heating 
uniformity. The first solution involved functionally grading the electrical conductivity 
throughout the powder bed to provide local tuning of the heating characteristics. The 
electrical conductivity was modified in an iterative scheme by applying a heuristic across 
the simulated domain according to the previously evaluated temperature. The heuristic 
raised the conductivity when the temperature was below a preselected target temperature, 
and lowered it when the temperature was above. The uniformity index provided a measure 
of evaluating the effectiveness of the heuristic tuning method by comparing the relative 
change with the un-tuned case. Functionally grading the electrical conductivity was shown 
to improve the uniformity index for several geometries, and the computational expense of 
the heuristic procedure was reduced compared with traditional optimization techniques. 
The second method for improving the heating uniformity involved a two-stage process in 
which the powder bed was rotated during heating so that the electric field was applied in 
two orientations. The simulations suggested an improvement in the uniformity index by 




the best results were obtained by combining the effects of functional grading with multiple 
electrode orientations. 
 To validate the computational models, a method was needed for patterning the 
dopant and enabling spatial variation in dopant concentration. Two approaches for 
patterning the dopant were considered, and a prototype system was developed. The first 
method consisted of depositing pre-mixed formulations of nylon and graphite powders in 
distinct concentrations to a virgin powder bed. A prototype powder deposition device was 
designed and constructed by adapting a desktop filament extrusion machine. The doped 
powder was supplied by a dosing mechanism that traveled in the x and y axis of the build 
area. The powder was deposited to a chamber in a layer-wise fashion, and virgin powder 
was spread to the regions that did not receive dopant. The build chamber was designed to 
be removed from the machine easily and contained no RF-absorbing components apart 
from the patterned doped geometry. In this way, the chamber and powder bed could be 
placed in the RF applicator and heating could be isolated to the doped region alone. The 
second proposed method for patterning the dopant was to use an inkjet print head to deposit 
electrically conductive particles suspended in an ink solvent to a nylon powder bed. 
Collaborators at the University of Nottingham assisted by developing a laboratory-scale 
inkjet system and a custom ink formulation that contained carbon nanoparticles as the 
dopant. The custom system was used to establish the feasibility of an inkjet dopant 
patterning mechanism, and an alternate commercial inkjet machine was offered to scale the 
RFAM process and create larger parts. 
 The prototype powder deposition machine was used to pattern the dopant into 
several geometries, and RF heating experiments were conducted on the powder beds. 
Functional grading was achieved by depositing four different mixtures of varying graphite 




powder beds containing uniform dopant distributions, functionally graded dopant, powder 
bed rotation, and a combination of functional grading with powder bed rotation. The results 
suggested the geometry of the fused parts could be improved by implementing each of the 
techniques identified in the simulations. Experiments on the inkjet patterning system were 
conducted by heating small samples prepared with different printing parameters to vary the 
dopant concentration. The results demonstrated a similar trend to the dry powders, such 
that heating increased with increasing dopant concentration and reached a maximum before 
declining at higher dopant concentrations. Initial experiments on the commercial ink 
mixtures for use in the large-scale jetting system revealed the presence of a solvent that 
inhibited heat generation when subjected to RF radiation. The heating characteristics were 
improved by evaporating the solvent in an oven before applying the radiation, suggesting 
a commercial RFAM machine may require using IR lamps to evaporate the solvent at each 
layer.  
 After demonstrating the capabilities of the prototype system and conducting 
feasibility experiments on two inkjet solutions, design guidelines were created to explore 
the process parameters and features that must be considered when creating RFAM parts. It 
was shown that the heating uniformity could be improved through continuous grading of 
the dopant and by increasing the electric field strength. The orientation of the electric field 
was determined to have the greatest impact on the resolution of features. Designers should 
align thin members with the applied electric field and avoid sharp corners whenever 
possible. The initial insights from the guidelines highlight the capabilities and limitations 
of RFAM and motivate future development of the process.  
7.2 CONTRIBUTIONS 
 The primary contribution from this research is the development of a novel powder 




AM method administered to thermoplastic polymers. Instead of applying heat on a layer-
by-layer basis, it is possible as a result of this work to fuse the polymer in a single heating 
stage. Unlike existing PBF processes that require precise thermal conditions and a heated 
build chamber, a majority of the RFAM process can be conducted at room temperature 
because the energy is supplied during the final step. Polymer AM is often compared with 
injection molding in terms of production cost, speed, and mechanical properties. The 
single-stage part fusion in RFAM brings the field of additive manufacturing one step closer 
to reaching injection molding standards by removing the negative consequences of layer-
wise heating. 
 The development of RFAM also enables several technological capabilities that 
were previously unavailable. Electrically conductive polymer composites have been 
studied extensively, but this work expands the concept to RF heating applications and 
provides a better understanding of the effect of dopant gradation on RF heating 
characteristics. The implications of this work extend beyond the scope of additive 
manufacturing as the results demonstrate the ability to achieve selective melting in 
conductive polymer composites by applying RF radiation.  
 Another contribution from this work is the computational design strategy used to 
functionally grade the dopant and achieve uniform part fusion. The heuristic tuning process 
to vary dopant concentration represents a new approach in improving RF heating 
uniformity. The ability to selectively deposit dopant in different concentrations within a 
powder bed enables local adjustment of the material’s electrical properties, whereas most 
RF heating applications use materials with fixed properties. The heuristic tuning scheme 
facilitates manipulation of the electric field to alter the RF heating characteristics of the 
material. While this strategy is used to achieve uniform heating in RFAM, the same 




unique heating signatures. One potential application of this technique includes selectively 
heating joints in a structure where local softening of the polymer enables the geometry to 
be reconfigured.  
 RF sintering also impacts established design for additive manufacturing rules. 
Traditional paradigms focused on the avoidance of layer-wise heating effects are not valid 
for RFAM, and the guidelines for creating parts differ from other AM processes. The 
continued development of RFAM prompts further research into establishing new design 
guidelines for the process including metrology studies and mechanical property 
characterization efforts. Lastly, this work contributes to diversifying the broader field of 
engineering by promoting collaboration between different disciplines. Combining 
elements of electrical and mechanical engineering design principles in RFAM gives a new 
perspective on AM research and fosters interdisciplinary relationships for future process 
development. Volumetric fusion through RFAM provides a technological advancement 
towards the ongoing goal of using additive manufacturing to produce lightweight, 
functional parts for industrial use. 
7.3 FUTURE WORK  
 The avenues for future work in developing the RFAM process can be divided into 
three main categories. The first category consists of improvements that can be made to the 
existing process, and the second category involves expanding the capabilities of the process 
through continued experimentation with the inkjet dopant delivery system. Finally, the 
geometric resolution and mechanical properties of RFAM must be assessed through a 
metrology characterization effort. 
 Further modification of the current powder deposition prototype is required to 
refine the function of the machine and improve part resolution. As suggested by the 




heating uniformity. The prototype machine requires the dopant to be graded in distinct 
concentrations of pre-mixed powder. However, the existing system could be adapted to 
enable continuous grading by dosing the nylon and graphite separately and mixing the two 
parts in the nozzle before they are deposited to the powder bed. In this way, the dopant 
concentration could be adjusted to any continuous level, and the effort required to change 
the powder compositions manually would be eliminated. Another opportunity to expand 
the capabilities of the process is by considering alternative materials for the electrically 
conductive dopant. In particular, carbon nanotubes have the potential to enhance the 
mechanical properties of the fused parts and lower the percolation threshold, thereby 
mitigating the adverse effects caused by the graphite powders and reducing the amount of 
dopant that is required. 
 Future work could also be focused on enhancing the computational models 
responsible for functionally grading the powder bed to achieve better part resolution. 
Although the computational expense is considerably smaller than gradient-based 
optimization, the heuristic tuning process requires each geometry to be simulated 
separately and repeatedly with different dopant distributions to generate the recommended 
functionally graded dopant distributions. There is an opportunity to implement a surrogate 
modelling approach in which the model can be trained on the dopant distributions for many 
different geometries to identify correlations between the tuned dopant distributions and 
heating uniformity. Dopant distributions for new geometries could be generated from the 
trained model at a reduced computational expense. 
 Future work aimed at upgrading the RF generator and applicator could provide 
additional benefits to the RFAM process. The RF generator used in the initial experiments 
is approximately 75 years old and requires manual adjustment of the output and tuning 




properties of the powder bed during heating can shift the set point of the machine, requiring 
manual intervention and introducing inconsistencies between experiments. To achieve 
more reliable heating results, the RF generator should be replaced with a newer model that 
features a built-in matching circuit to ensure coupling between the source and load 
impedances is maintained throughout the duration of the experiment. The applicator could 
also be modified to achieve greater heating uniformity within the powder beds in RFAM. 
The simulations suggest rotating the powder bed during heating can yield superior results, 
but only two electrode configurations were considered due to experimental limitations. 
Incorporating a turntable into the applicator would enable continuous rotation of the 
powder bed throughout the experiment and potentially offer additional heating uniformity 
improvements. The challenge in adding a turntable is ensuring the electrical components 
do not interfere with the applied radiation. Therefore, all motors and wiring should be 
isolated from the applicator by placing them outside the Faraday cage and mechanically 
joining them to a turntable located beneath the electrodes. The accuracy of RFAM parts 
could be enhanced by incorporating these revisions to future iterations of the machine and 
applicator design. 
 Continued experimentation on the inkjet dopant delivery system is needed to 
broaden the capabilities of RFAM. The initial heating results from the inkjet-printed 
samples show significant scatter in the data. To facilitate functional grading, further testing 
is required to generate an accurate mapping between the printing parameters and effective 
electrical conductivity of the samples. The mapping can then be used to validate the 
computational models and functional grading simulations by performing similar 
experiments to those conducted using the powder deposition machine. Analogous 
experiments are also required for developing the commercial-scale inkjet system in 




primary objectives of RFAM is to improve the process speed over other powder bed fusion 
methods, but the current prototypes are incapable of high throughput part production. In 
addition to increasing the attainable part volume over the existing systems, the commercial 
inkjet machine can be used as a testbed for targeting speed improvements. The 
development of an inkjet dopant delivery system is essential in creating high resolution 
RFAM parts at competitive build rates. 
 Lastly, a comprehensive metrology characterization of RFAM is essential to 
establishing its role within additive manufacturing. The geometric accuracy of RFAM can 
be quantified by building metrology test parts comprised of different feature types. 
Measurements of the features across many test part replicates can be used in statistical 
analyses to evaluate the accuracy of the process. The effects of part orientation and process 
parameters warrant continued investigation as the process is adapted and improved. The 
mechanical properties of RFAM parts should also be assessed using standard tension test 
specimens. Another primary objective of RFAM is to improve the anisotropic mechanical 
properties compared with layer-wise heating methods. To validate this claim, tensile 
specimens should be fabricated in different orientations within the powder bed to test the 
orientation dependence on the mechanical properties. The results of the metrology study 
and mechanical property assessment can be used to refine the existing design guidelines 
for RFAM. 
7.4 CLOSURE 
 The radio frequency additive manufacturing process signifies a new paradigm in 
polymer powder bed fusion in which designers are no longer constrained by the challenges 
of layer-wise heating. The initial experiments offer promising insights into the feasibility 
of volumetric sintering and highlight the obstacles that must be overcome in the continued 




showcase the capacity to create different geometries using the RFAM system while 
validating the various strategies aimed at improving part performance. Experimentation 
into the inkjet dopant patterning system motivates subsequent development of the process 
for enhanced build speed and resolution capabilities. RFAM enables additional research 
endeavors in the areas of computational design, manufacturing process development, and 
design for additive manufacturing. RFAM represents a small step towards the advancement 
of additive manufacturing as a viable production method, and the initial outcomes 
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